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ABSTRACT 
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Doctor of Philosophy 
PREDICTING RIDE COMFORT WITH RECLINED SEATS 
by Bazil Basri 
Reclined seats in transport suggest luxury and comfort, but a review of the literature revealed 
little study of how backrest inclination influences the discomfort caused by vibration of a seat or 
a backrest. This thesis seeks to advance understanding of the influence of backrest inclination 
on vibration discomfort and provides a model for evaluating vibration discomfort and metrics for 
optimising seats with different backrest inclinations. 
Vibration  discomfort  depends  on  the  direction  and  location  of  vibration  input  to  the  body. 
Subjects  used  magnitude  estimation  to  judge  vibration  magnitudes  from  thresholds  of 
perception up to 2 ms
-2 r.m.s. at the 11 preferred 
13-octave centre frequencies from 2.5 to 25 
Hz.  The  first  two  experiments  determined  absolute  thresholds  and  discomfort  with  x-axis 
backrest  vibration  (Experiment  1)  and  z-axis  backrest  vibration  (Experiment  2)  with  four 
backrest  inclinations  (0,  30,  60  and  90  from  vertical).  The  third  experiment  investigated 
discomfort  with  vertical  seat  pan  vibration  and  five  backrest  conditions  (no  backrest  and 
backrest  inclined  to  0,  30,  60,  and  90).  With  x-axis  vibration  of  the  back,  inclining  the 
backrest  had  similar  effects  on  thresholds  and  equivalent  comfort  contours.  Thresholds 
increased at frequencies from 4 to 8 Hz with increasing inclination of the backrest. With inclined 
backrests,  40%  greater  magnitudes  of  vibration  were  required  from  4  to  8  Hz,  to  cause 
discomfort  equivalent  to  that  with  the  upright  backrest.  Frequency  weighting  Wc  in  current 
standards predicted discomfort and perception of x-axis vibration of the upright backrest (0) but 
weighting  Wb  was  more  appropriate  for  inclined  backrests.  Frequency  weighting  Wd  was 
appropriate for both discomfort and perception of z-axis vibration of the back at all backrest 
inclinations. With vertical seat acceleration, the frequency of greatest sensitivity decreased with 
increasing vibration magnitude. Compared to an upright backrest, around the main resonance 
of the body the vibration magnitudes required to cause similar discomfort were 100% greater 
with 60 and 90 backrest inclinations and 50% greater with a 30 backrest inclination.  
The fourth experiment investigated whole-body vertical vibration on a rigid seat with no backrest 
and  with  four  backrest  inclinations.  With  an  inclined  backrest,  discomfort  caused  by  high 
frequency vibration increased at the head or neck but discomfort at the head or neck caused by 
low  frequencies  (5  and  6.3  Hz)  reduced. With  inclined  backrests,  the  procedures  in  current 
standards  overestimate  overall  discomfort  at  frequencies  around  5  and  6.3  Hz  but 
underestimate discomfort caused by frequencies greater than about 8 Hz.  
The  final  experiment  investigated  a  model  for  predicting  vibration  discomfort  with  three 
compliant reclined seats. At each frequency, the measured seat dynamic discomfort, MSDD 
(the ratio of the vibration acceleration required to cause similar discomfort with a compliant seat 
and a rigid reference seat), was compared with seat effective amplitude transmissibility, SEAT 
value (the ratio of overall ride values with a compliant seat and a rigid reference seat using the 
weightings  in  current  standards).  The  compliant  seats  increased  vibration  discomfort  at 
frequencies around the 4-Hz resonance but reduced vibration discomfort at frequencies greater 
than  about  6.3  Hz.  The  SEAT  values  provided  appropriate  indications  of  how  the  foam 
increased vibration discomfort at some frequencies but decreased vibration discomfort at other 
frequencies. Differences between the SEAT values and the measured seat dynamic discomfort 
are consistent with the need for different frequency weightings when the body is supported by 
an inclined backrest.  
An empirical model was evolved from the experiments for predicting vibration discomfort with 
reclined seats. It is concluded that reclining a backrest will tend to be detrimental at frequencies 
greater than about 10 Hz with greater discomfort in the head or neck induced by vibration of the 
backrest. At frequencies around 5 and 6.3 Hz, reclining a backrest can reduce discomfort. iv 
 
 v 
 
CONTENTS 
 
CONTENTS  .................................................................................................................. v 
LIST OF FIGURES ...................................................................................................... xi 
LIST OF TABLES  .................................................................................................... xxiii 
DECLARATION OF AUTHORSHIP ......................................................................... xxv 
ACKNOWLEDGEMENTS ...................................................................................... xxvii 
Chapter 1 INTRODUCTION ......................................................................................... 1 
1.1  MOTIVATIONS AND OBJECTIVES ............................................................... 1 
1.2  MODEL OF THE STUDY  ................................................................................ 3 
1.3  STRUCTURE OF THE THESIS  ...................................................................... 4 
Chapter 2 LITERATURE REVIEW  ............................................................................... 7 
2.1  INTRODUCTION ............................................................................................ 7 
2.2  PERCEPTION THRESHOLDS ....................................................................... 8 
2.2.1  Introduction  .............................................................................................. 8 
2.2.2  Concept of perception threshold .............................................................. 8 
2.2.3  Measurement methods ............................................................................ 9 
2.2.4  Perception thresholds for whole-body vertical vibration ......................... 11 
2.2.5  Perception thresholds for fore-and-aft back vibration ............................. 13 
2.2.6  Conclusions ........................................................................................... 14 
2.3  VIBRATION DISCOMFORT ......................................................................... 15 
2.3.1  Introduction  ............................................................................................ 15 
2.3.2  Equivalent comfort contour .................................................................... 15 
2.3.3  Measuring vibration discomfort .............................................................. 16 
2.4  FACTORS AFFECTING VIBRATION DISCOMFORT  ................................... 18 
2.4.1  Effect of frequency  ................................................................................. 18 
2.4.2  Effect of direction  ................................................................................... 18 
2.4.3  Effect of input location ........................................................................... 19 
2.4.4  Effect of backrest  ................................................................................... 27 
2.4.5  Effect of duration ................................................................................... 36 
2.4.6  Complex vibration environment: combined/composite ........................... 38 
2.4.7  Effect of static comfort/pressure distribution .......................................... 47 
2.5  PREDICTING VIBRATION DISCOMFORT  ................................................... 49 
2.5.1  Introduction  ............................................................................................ 49 
2.5.2  Method for predicting passenger vibration discomfort (ISVR, 1983)....... 49 
2.5.3  Ride quality meter (NASA, 1985) ........................................................... 52 
2.5.4  Ride comfort meter (Toyota Central R&D Laboratories, 1986)  ............... 53 
2.5.5  Current standardised procedure ............................................................ 54 
2.5.6  Measuring seat comfort: SEAT procedure ............................................. 60 vi 
 
2.6  CHALLENGES  TO  THE  METRICS  (FREQUENCY  WEIGHTINGS, 
MULTIPLYING FACTORS) IN THE STANDARDS .................................................. 61 
2.6.1  Introduction ............................................................................................ 61 
2.6.2  Effect of vibration magnitude.................................................................. 61 
2.6.3  Effect of contact conditions: for backrest vibration ................................. 65 
2.6.4  Effect of backrest inclination .................................................................. 67 
2.6.5  Effect of phase  ....................................................................................... 71 
2.7  CONCLUSIONS ........................................................................................... 72 
Chapter 3 METHOD ................................................................................................... 75 
3.1  INTRODUCTION .......................................................................................... 75 
3.2  APPARATUS ................................................................................................ 75 
3.2.1  Data acquisition and analysis system .................................................... 75 
3.2.2  Transducers  ........................................................................................... 76 
3.2.3  Auditory and visual masking .................................................................. 78 
3.2.4  Vibrators ................................................................................................ 79 
3.2.5  Test rigs  ................................................................................................. 83 
3.3  VIBRATION MEASUREMENT ...................................................................... 86 
3.3.1  Direction of measurement ...................................................................... 86 
3.3.2  Calibration ............................................................................................. 87 
3.3.3  Background noise .................................................................................. 87 
3.3.4  Instructions and questionnaires ............................................................. 88 
3.4  ANALYSIS TECHNIQUES ............................................................................ 88 
3.4.1  Subjective evaluation ............................................................................. 88 
3.4.2  Objective evaluation .............................................................................. 94 
3.5  DATA ANALYSIS  .......................................................................................... 98 
3.5.1 Data analysis software ................................................................................ 98 
3.5.2 Statistical tests ............................................................................................ 98 
Chapter 4 PERCEPTION AND DICOMFORT OF VIBRATION APPLIED NORMALTO 
THE BACK IN THE X-AXIS OF THE BACK  ............................................................... 99 
4.1  INTRODUCTION .......................................................................................... 99 
4.2  METHOD .................................................................................................... 101 
4.2.1  Apparatus ............................................................................................ 101 
4.2.2  Vibration and signal generation  ............................................................ 103 
4.2.3  Vibration stimuli ................................................................................... 104 
4.2.4  Procedure ............................................................................................ 104 
4.2.5  Subjects  ............................................................................................... 107 
4.3  RESULTS ................................................................................................... 107 
4.3.1  Perception thresholds (Part 1) ............................................................. 107 
4.3.2  Equivalent comfort contours within backrest inclination (Part 2)  ........... 109 
4.3.3  Relative discomfort between backrest inclinations (Part 3) .................. 111 vii 
 
4.3.4  Location of discomfort (Part 4)  ............................................................. 113 
4.4  DISCUSSION ............................................................................................. 114 
4.4.1  Perception thresholds .......................................................................... 114 
4.4.2  Vibration discomfort ............................................................................. 116 
4.4.3  Frequency weightings  .......................................................................... 119 
4.5  CONCLUSIONS ......................................................................................... 120 
Chapter 5 PERCEPTION AND DISCOMFORT OF VIBRATION APPLIED PARALLEL 
TO THE BACK IN THE Z-AXIS OF THE BODY ....................................................... 121 
5.1  INTRODUCTION ........................................................................................ 121 
5.2  METHOD  .................................................................................................... 123 
5.2.1  Apparatus ............................................................................................ 123 
5.2.2  Vibration and signal generation ........................................................... 124 
5.2.3  Vibration stimuli ................................................................................... 125 
5.2.4  Procedure  ............................................................................................ 125 
5.2.5  Subjects .............................................................................................. 128 
5.3  RESULTS  ................................................................................................... 129 
5.3.1  Perception thresholds (Part 1) ............................................................. 129 
5.3.2  Equivalent comfort contours (Part 2)  .................................................... 130 
5.3.3  Relative discomfort between backrest inclinations (Part 3) .................. 133 
5.3.4  Location of discomfort (Part 4)  ............................................................. 134 
5.4. DISCUSSION ................................................................................................. 135 
5.4.1  Perception thresholds .......................................................................... 135 
5.4.2  Vibration discomfort ............................................................................. 137 
5.4.3  Frequency weightings  .......................................................................... 140 
5.5  CONCLUSIONS ......................................................................................... 143 
Chapter 6 EQUIVALENT COMFORT CONTOURS OF VERTICAL SEAT VIBRATION
 ................................................................................................................................. 145 
6.1  INTRODUCTION ........................................................................................ 145 
6.2  METHOD  .................................................................................................... 147 
6.2.1  Apparatus ............................................................................................ 147 
6.2.2  Vibration and signal generation ........................................................... 149 
6.2.3  Vibration stimuli ................................................................................... 150 
6.2.4  Procedure  ............................................................................................ 150 
6.2.5  Subjects .............................................................................................. 152 
6.3  RESULTS  ................................................................................................... 152 
6.3.1  Equivalent comfort contours within backrest condition (Part 1) ............ 152 
6.3.2  Relative discomfort between backrest conditions (Part 2) .................... 155 
6.3.3  Location of discomfort (Part 3)  ............................................................. 157 
6.4  DISCUSSION ............................................................................................. 158 
6.4.1  Effect of frequency  ............................................................................... 158 viii 
 
6.4.2  Effect of vibration magnitude................................................................ 160 
6.4.3  Effect of backrest and backrest inclination ........................................... 162 
6.4.4  Frequency weightings .......................................................................... 163 
6.5  CONCLUSIONS ......................................................................................... 164 
Chapter  7  PREDICTING  DISCOMFORT  FROM  WHOLE-BODY  VERTICAL 
VIBRATION WHEN SITTING WITH INCLINED BACKREST ................................... 165 
7.1 INTRODUCTION ............................................................................................. 165 
7.2 METHOD  ......................................................................................................... 168 
7.2.1  Test rig ................................................................................................ 168 
7.2.2  Signal generation and acquisition ........................................................ 169 
7.2.3  Vibration stimuli ................................................................................... 170 
7.2.4  Procedure ............................................................................................ 170 
7.2.5  Subjects  ............................................................................................... 172 
7.2.6  Predicted discomfort ............................................................................ 172 
7.3 RESULTS  ........................................................................................................ 173 
7.3.1  Equivalent comfort contours within backrest condition (Part 1) ............ 173 
7.3.2  Relative discomfort between backrest conditions (Part 2) .................... 177 
7.3.3  Location of discomfort (Part 3) ............................................................. 179 
7.4 DISCUSSION .................................................................................................. 180 
7.4.1  Effect of the backrest ........................................................................... 180 
7.4.2  Effect of backrest inclination ................................................................ 182 
7.4.3  Comfort prediction model ..................................................................... 185 
7.5 CONCLUSIONS .............................................................................................. 189 
Chapter  8  THE  APPLICATION  OF  SEAT  VALUES  TO  PREDICTING  VIBRATION 
DISCOMFORT WITH COMPLIANT RECLINED BACKRESTS ................................ 191 
8.1 INTRODUCTION ............................................................................................. 191 
8.2 METHOD  ......................................................................................................... 193 
8.2.1  Apparatus ............................................................................................ 193 
8.2.2  Signal generation and acquisition ........................................................ 195 
8.2.3  Procedure ............................................................................................ 196 
8.2.4  Subjects  ............................................................................................... 198 
8.3. RESULTS  ....................................................................................................... 199 
8.3.1  Subjective measurement ..................................................................... 199 
8.3.2  Objective measurement and evaluation ............................................... 207 
8.3.3  Measured and predicted seating discomfort  ......................................... 213 
8.4 DISCUSSION .................................................................................................. 214 
8.4.1  Effect of seat compliance ..................................................................... 214 
8.4.2  Effect of backrest contact  ..................................................................... 215 
8.4.3  The efficiency of the SEAT prediction model  ........................................ 215 
8.5 CONCLUSIONS .............................................................................................. 219 ix 
 
Chapter 9 GENERAL DISCUSSION  ........................................................................ 221 
9.1  INTRODUCTION ........................................................................................ 221 
9.2  BACKREST VIBRATION IN THE x-AXIS OF THE BODY  ........................... 222 
9.2.1 Absolute perception thresholds ................................................................. 222 
9.2.2 Vibration discomfort .................................................................................. 223 
9.2.3 Frequency weightings ............................................................................... 224 
9.3  BACKREST VIBRATION IN THE z-AXIS OF THE BODY  ........................... 225 
9.3.1 Absolute perception thresholds ................................................................. 225 
9.3.2 Vibration discomfort .................................................................................. 225 
9.3.3 Frequency weightings ............................................................................... 226 
9.4  VERTICAL SEAT VIBRATION  .................................................................... 227 
9.4.1 Vibration discomfort .................................................................................. 227 
9.4.2 Frequency weightings ............................................................................... 228 
9.5  INTER-AXIS EQUIVALENCE: BACKREST VIBRATION (x-AND z-AXIS) AND 
VERTICAL SEAT VIBRATION .............................................................................. 229 
9.5.1 Relative discomfort ................................................................................... 229 
9.5.2 Axis multiplying factors ............................................................................. 231 
9.6  VERTICAL WHOLE-BODY VIBRATION  ..................................................... 232 
9.6.1 Vibration discomfort .................................................................................. 232 
9.6.2 Prediction model ....................................................................................... 233 
9.7  VERTICAL VIBRATION AND COMPLIANT SEATS ................................... 235 
9.7.1 Vibration discomfort .................................................................................. 235 
9.7.2 Prediction model ....................................................................................... 235 
9.8  LIMITATIONS OF THE PREDICTION MODEL  ........................................... 237 
9.9  RECOMMENDATION FOR FUTURE WORK ............................................. 238 
Chapter 10 CONCLUSION ...................................................................................... 239 
Appendices ............................................................................................................. 243 
APPENDIX A  Health Questionnaires .................................................................. 243 
APPENDIX B  Anthropometric data ..................................................................... 247 
B.1 Subject data: Experiment 1 (Chapter 4)  ....................................................... 248 
B.2 Subject data: Experiment 2 (Chapter 5)  ....................................................... 248 
B.3 Subject data: Experiment 3 (Chapter 6)  ....................................................... 249 
B.4 Subject data: Experiment 4 (Chapter 7)  ....................................................... 249 
B.5 Subject data: Experiment 5 (Chapter 8)  ....................................................... 250 
APPENDIX C   Instruction to subjects  .................................................................. 251 
C.1 Instructions for subjects Experiment 1 (Chapter 4) ...................................... 252 
C.2 Instructions for subjects Experiment 2 (Chapter 5) ...................................... 254 
C.3 Instructions for subjects Experiment 3 (Chapter 6) ...................................... 256 
C.4 Instructions for subjects Experiment 4 (Chapter 7) ...................................... 258 
C.5 Instructions for subjects Experiment 5 (Chapter 8) ...................................... 260 x 
 
APPENDIX D  Training on Magnitude Estimation ................................................ 263 
APPENDIX E  Raw data ...................................................................................... 265 
E.1 Raw data: Experiment 1 (Chapter 4)  ............................................................ 266 
E.2 Raw data: Experiment 2 (Chapter 5)  ............................................................ 269 
E.3 Raw data: Experiment 3 (Chapter 6)  ............................................................ 272 
E.4 Raw data: Experiment 4 (Chapter 7)  ............................................................ 275 
E.5 Raw data: Experiment 5 (Chapter 8)  ............................................................ 278 
APPENDIX F  Coefficient of Determination, R
2 .................................................... 281 
F.1 Coefficient of determination: Experiment 1 (Chapter 4)  ................................ 282 
F.2 Coefficient of determination: Experiment 2 (Chapter 5)  ................................ 282 
F.3 Coefficient of determination: Experiment 3 (Chapter 6)  ................................ 283 
F.4 Coefficient of determination: Experiment 4 (Chapter 7)  ................................ 283 
F.5 Coefficient of determination: Experiment 5 (Chapter 8)  ................................ 284 
APPENDIX G  Rates of growth of discomfort ....................................................... 285 
H.1 Rate of growth of discomfort: Experiment 1 (Chapter 4) .............................. 286 
G.2 Rate of growth of discomfort: Experiment 2 (Chapter 5) .............................. 286 
G.3 Rate of growth of discomfort: Experiment 3 (Chapter 6) .............................. 287 
G.4 Rate of growth of discomfort: Experiment 4 (Chapter 7) .............................. 287 
G.5 Rate of growth of discomfort: Experiment 5 (Chapter 8) .............................. 288 
APPENDIX H  Equivalent comfort contours ......................................................... 289 
H.1 Equivalent comfort contours: Experiment 1 (Chapter 4)  ............................... 290 
H.2 Equivalent comfort contours: Experiment 2 (Chapter 5)  ............................... 290 
H.3 Equivalent comfort contours: Experiment 3 (Chapter 6)  ............................... 291 
H.4 Equivalent comfort contours: Experiment 4 (Chapter 7)  ............................... 291 
H.5 Equivalent comfort contours: Experiment 5 (Chapter 8)  ............................... 292 
APPENDIX I   Relative discomfort contours  ........................................................ 293 
I.1 Relative discomfort: Experiment 1 (Chapter 4) .............................................. 294 
I.2 Relative discomfort: Experiment 2 (Chapter 5) .............................................. 294 
I.3 Relative discomfort: Experiment 3 (Chapter 6) .............................................. 295 
I.4 Relative discomfort: Experiment 4 (Chapter 7) .............................................. 295 
I.5 Relative discomfort: Experiment 5 (Chapter 8) .............................................. 296 
APPENDIX J   Location of discomfort  .................................................................. 297 
J.1 Location of discomfort: Experiment 1 (Chapter 4)  ......................................... 298 
J.2 Location of discomfort: Experiment 2 (Chapter 5)  ......................................... 300 
J.3 Location of discomfort: Experiment 3 (Chapter 6)  ......................................... 302 
J.4 Location of discomfort: Experiment 4 (Chapter 7)  ......................................... 305 
J.5 Location of discomfort: Experiment 5 (Chapter 8)  ......................................... 308 
References .............................................................................................................. 311 
 xi 
 
 
 
 
LIST OF FIGURES 
 
Figure 1.1 An example of seating comfort model. ........................................................ 2 
Figure 1.2 Phases of study and prediction model development.  ................................... 3 
Figure 2.1 A typical psychometric function obtained using method of constant stimuli 
for measurement of absolute perception threshold. Hypothetical experiment showing 
nine stimuli and their percentages fitted to an ogive curve. The absolute threshold of 
perception is determined from 50% detection, i.e. 12.03 (Gescheider, 1976).  ............... 9 
Figure  2.2 Previous studies reported on the thresholds of the perception of seated 
people for vertical whole-body vibration. ..................................................................... 12 
Figure 2.3 Previous studies reported on the thresholds of the perception of recumbent 
people for vertical whole-body vibration. ..................................................................... 13 
Figure 2.4 Absolute thresholds for the perception and equivalent sensation contour of 
fore-and-aft vibration of the back are compared with inverted frequency weighting Wc 
and normalised to 1 at 2 Hz. ....................................................................................... 14 
Figure 2.5 Human sensations for vertical, fore-and-aft, lateral for standing and supine 
(Reiher  and  Meister,  1931)  –  the  first  study  to  show  frequency  dependence  of 
equivalent  comfort  contours  (lines  indicate  the  boundary  between  “definitely 
perceptible” and “strongly perceptible”). ...................................................................... 18 
Figure 2.6 Equivalent comfort contours for seated people by Miwa (1967) and 8-hour 
‘fatigue-decreased proficiency boundary’ (ISO 2631:1974) for (a) vertical, (c) horizontal 
whole-body vibration. .................................................................................................. 19 
Figure 2.7 Equivalent comfort contours for vibration at the seat in vertical direction, and 
compared with inverted frequency weighting Wb and normalised to unity at 5 Hz (BS 
6841, 1987). ............................................................................................................... 21 
Figure 2.8 Equivalent comfort contours for vibration at the seat in fore-and-aft (a), and 
lateral direction (b), compared with inverted frequency weighting Wd and normalised to 
unity at 2 Hz (BS 6841, 1987). .................................................................................... 23 
Figure 2.9 Equivalent comfort contours for vibration of the upright backrest in: (a) fore-
and-aft direction, compared with inverted frequency weighting Wc and normalised to 
unity at 8 Hz, and (b) lateral and vertical direction, compared with inverted frequency 
weighting Wd and normalised to unity at 2 Hz (BS 6841, 1987). ................................. 24 xii 
 
Figure 2.10 Simplified equivalent comfort contours proposed by Griffin et al. (1982b) to 
indicate relative sensitivity to vibration at the seat, backrest and footrest in each of 
three  translational  directions  of  the  whole  body.  The  proposals  on  the  relative 
sensitivities to each of these input locations were later adopted as multiplying factors 
for the corresponding frequency weightings in the standards for evaluation of whole 
body vibration. (Note: their proposals on relative sensitivity to rotational directions are 
beyond the scope of the thesis and therefore excluded). ............................................ 26 
Figure 2.11 Comparison between equivalent comfort contours for vertical vibration with 
and without the backrest. ............................................................................................ 28 
Figure 2.12 The effect of backrest on vertical vibration of seated person: (a) apparent 
mass (Fairley and Griffin, 1989), (b) seat-to-head transmissibility (Paddan and Griffin, 
1988a). ....................................................................................................................... 30 
Figure 2.13 The effect of backrest: equivalent comfort contours for fore-and-aft seat 
vibration with backrest and without backrest (Donati et al., 1983). .............................. 31 
Figure  2.14  The  effect  of  backrest  on  fore-and-aft  vibration  of  seated  person:  (a) 
apparent  mass  (Fairley  and  Griffin,  1990),  (b)  seat-to-head  transmissibility  (Paddan 
and Griffin, 1988b). ..................................................................................................... 33 
Figure 2.15 The effect of backrest: comparison between equivalent comfort contours 
for lateral seat vibration with and without backrest. ..................................................... 34 
Figure  2.16 The effect of the presence of a backrest with lateral seat vibration: (a) 
lateral  apparent  mass  (Fairley  and  Griffin,  1990),  (b)  seat-to-head  transmissibility 
(Paddan and Griffin, 1988b). ....................................................................................... 35 
Figure 2.17 Comparison between time dependency given in ISO 2631 (1974) with a
2t 
= constant and with a
4t=constant time dependencies (Griffin and Whitham, 1980). .... 37 
Figure 2.18 Mean equivalent comfort contours of sinusoidal and third-octave random 
vertical seat vibration (Griffin, 1976).  ........................................................................... 39 
Figure 2.19 Mean equivalent comfort contours of sinusoidal and narrowband random 
vertical whole-body vibration (Donati et al., 1983). ...................................................... 40 
Figure  2.20  The  mean  levels  of  10  Hz  vibration  required  to  produce  equivalent 
discomfort to (i.e., measured discomfort level of) single-frequency motions at 0.7 ms
-2 
r.m.s. ( - - - ), and dual-frequency motions containing beats (
 ___ ). Compared to the 
predicted discomfort level of dual-frequency beating motions from inhibition (), and 
weighted root sums of squares (+) model (Fothergill and Griffin, 1977a).  .................... 41 
Figure 2.21 Acceptable limit to the level of combined vertical and lateral for passenger 
ride comfort. Test data included acceleration components at 0.45, 1.5, 4 and 7 Hz and 
normalised at 2 Hz (Holloway and Brumaghim, 1972).  ................................................ 44 xiii 
 
Figure 2.22 Mean discomfort ratings (a) as a function of vertical frequency with added 
lateral frequency (b) as a function of lateral frequency with added vertical frequency 
(Leatherwood and Dempsey, 1976). ........................................................................... 45 
Figure 2.23 Hypothetical model for overall seat discomfort (Ebe and Griffin, 2000).  ... 48 
Figure  2.24 Twelve axes recommended by the standards for comfort evaluation of 
seated person (Parsons and Griffin, 1983).................................................................. 50 
Figure  2.25  Parsons  and  Griffin  Model  (1983)  for  predicting  discomfort  of  seated 
passengers which later adopted in the current standards. .......................................... 51 
Figure  2.26  NASA  Ride  quality  meter  and  accelerometer  package  (Wood  and 
Leatherwood, 1985). ................................................................................................... 52 
Figure 2.27 NASA Ride comfort model (Wood and Leatherwood, 1985). ................... 53 
Figure 2.28 Simplified schematic block diagram of the ride comfort meter (Kozawa et 
al., 1986). ................................................................................................................... 54 
Figure 2.29 Some of realisable frequency weightings advocated in British Standard BS 
6841:1987  and  International  Standard  ISO  2631-1:1997  related  to  evaluation  of 
discomfort for seated and recumbent person. ............................................................. 57 
Figure  2.30 Effect of vibration magnitude: (a) vertical seat vibration (b) lateral seat 
vibration, (c) fore-and-aft seat vibration (Morioka and Griffin, 2006).  ........................... 63 
Figure  2.31  Effect  of  vibration  magnitude  on  fore-and-aft  back  vibration  with  full 
backrest contact (Morioka and Griffin, 2010a).  ............................................................ 64 
Figure  2.32  Median  equivalent  comfort  contours  for  four  different  backrest  contact 
conditions: contact with upper, middle and lower back, and full backrest. The contours 
indicate  the  median  vibration  acceleration  required  with  each  backrest  condition  to 
produce similar discomfort of the reference condition (i.e. 0.315 ms
-2 r.m.s 10 Hz with 
full backrest). Inverted Wc weighting which was developed based on a study with full 
backrest is overlaid for comparison.  ............................................................................ 66 
Figure 2.33 Calculated total body ratings for different backrest inclinations based on 
10-point  scale  from  0  (No  discomfort)  to  10  (Severe  discomfort)  (Harrah  and 
Shoenberger, 1981). ................................................................................................... 68 
Figure 2.34 Median normalised response to sinusoidal whole-body vertical vibration at 
constant acceleration of 2 ms
-2 r.m.s. for each frequency with four backrest inclinations. 
Higher value of median normalised response indicates greater discomfort (Arrowsmith 
et al., 2005).  ................................................................................................................ 69 
Figure  2.35  Mean equivalent comfort contours for  x-axis vibration of the back with 
upright  backrest  (0),  and  inclined  backrests  (20  and  40).  The  contours  indicate 
vibration  acceleration  required  with  each  backrest  condition  to  produce  similar 
discomfort of 0.25 ms
-2 r.m.s. at 10 Hz (Kato and Hanai, 1998). ................................. 70 xiv 
 
Figure 3.1 General setup for signal generation and data acquisition. ......................... 76 
Figure 3.2 Single-axis piezo- resistive accelerometer Entran Model EGCSY-240D-10 
used in this studies. .................................................................................................... 76 
Figure 3.3 SIT-pad and its construction. ISO 10326-1 (1992).  .................................... 78 
Figure 3.4 Derritron electrodynamic vibrator Type VP 85 used for backrest and seat 
pan vibration. From http://www.southampton.ac.uk/hfru/lab_facilities.  ......................... 79 
Figure 3.5 Derritron electrodynamic vibrator Type VP 4 used for vertical hand vibration. 
From http://www.southampton.ac.uk/hfru/lab_facilities.  ............................................... 81 
Figure  3.6  A  Servotest  Electro-hydraulic  Vibrator  used  for  whole-body  vertical 
vibration. From http://www.southampton.ac.uk/hfru/lab_facilities. ............................... 82 
Figure  3.7  Vibration  of  inclined  backrest  in  normal  direction  to  the  back:  backrest 
inclined at 60 from vertical (left), backrest inclined at 90 from vertical (right). ........... 83 
Figure  3.8  Vibration  of  inclined  backrest  in  parallel  direction  to  the  back:  backrest 
inclined at 0 from vertical (left), backrest inclined at 90 from vertical (right). ............. 84 
Figure  3.9  Vertical  seat  vibration:  all  stationary  supports  positioned  horizontally  for 
recumbent position.  ..................................................................................................... 84 
Figure  3.10  Test  rigs  mounted  on  1-m  vertical  vibrator  for  whole-body  vibration: 
example of test rig for Experiment 4, adjusted to inclination of 0 from vertical (A), 30 
(B) and 60 (C); the backrest of test rig for Experiment 5 was fixed at 30 inclination, 
with foam to form a compliance seat (D), and without foam to form a rigid seat (E). ... 85 
Figure  3.11  Vertical  hand  vibration  via  wooden  handle  attached  to  Electrodynamic 
Derritron VP 4 vibrator. ............................................................................................... 86 
Figure  3.12  Basicentric  coordinate  system  as  defined  in  BS  6841  (1987)  and  ISO 
2631-1 (1997) used as a basis for vibration measurement in this research. ................ 86 
Figure 3.13 An example of calibration carried out on accelerometer yielding measures 
of gravity in three orthogonal orientations of the accelerometer: +g, 0, -g. .................. 87 
Figure 3.14 Examples of curve-fitting to a power function: (a) based on Equation 3.1 
for 25 Hz of z-axis vibration of fully relined backrest (90) determined in Experiment 2, 
(b) based on Equation 3.3 for 3.15 Hz of x-axis of vibration of upright backrest (0) 
determined in Experiment 1; and the corresponding linear regressions: (c) based on 
Equation 3.2 and (d) based on Equation 3.4. .............................................................. 90 
Figure  3.15  Examples of  cross-modality matching  procedure to  adjust  the  scale of 
sensation magnitude of reference stimulus in Experiment 3 (vertical seat vibration) to 
that of the common reference (vertical hand vibration): vibration acceleration of the 
seat required (φc) with upright backrest to cause sensation magnitude of 100 of the 
common  reference  (b)  would  cause  sensation  magnitude  of  101  of  the  reference xv 
 
stimulus (a). Similarly with backrest inclined at 30, vibration acceleration of the seat 
required to cause 100 of the common reference (d) would cause sensation magnitude 
of 87 of the reference stimulus.  ................................................................................... 93 
Figure  3.16  Moduli  of  the  frequency  weightings  and  band  limiting  factors,  British 
Standard 6841 (1987). ................................................................................................ 95 
Figure 3.17 System identification. .............................................................................. 95 
Figure  3.18 Some examples of: (a) a typical seat transmissibility of a conventional 
seat,  (b)  seat  transmissibility  of  a  variety  of  seat  with  different  materials  and 
constructions (Corbridge et al., 1989). ........................................................................ 97 
Figure 4.1 Posture when sitting with backrest inclined at 0 (a), 30 (b), 60 (c) and 90 
(d) in Part 1, 2 and 4 of the study. ............................................................................. 102 
Figure 4.2 Posture when sitting with each backrest inclination with the hand on the 
handle for cross reference vibration (i.e. vertical hand vibration so as to determine the 
relative discomfort between sitting with each backrest inclination: with backrest inclined 
at 0 (a), 30 (b), 60 (c) and 90 (d) in Part 3). ......................................................... 103 
Figure 4.3 Example of trials for perception threshold test: ■ ‘yes’,  ‘no’ response.  .. 105 
Figure 4.4  Medians and inter-quartile-ranges of absolute thresholds for the perception 
of x-axis vibration of the back with each of the four backrest inclinations. ................. 108 
Figure 4.5 Comparison between median absolute thresholds for the perception of x-
axis vibration of the back with each of the four backrest inclinations. ........................ 109 
Figure  4.6  Medians  and  inter-quartiles  rates  of  growth  of  discomfort  from  twelve 
individual linear regressions (of the 12 subjects) based on the modified Stevens’ power 
law. ........................................................................................................................... 110 
Figure 4.7 Median equivalent comfort contours at nine sensation magnitudes (ψ = 40 
to 250) within each of four backrest inclinations: indicating the x-axis vibration of the 
back required to produce discomfort equivalent to 40% to 250% of that produced by 8-
Hz x-axis vibration of the back at 0.15 ms
-2 r.m.s.; the upper and lower limits of test 
stimuli  used  in  the  test;  median  absolute  thresholds  for  the  perception  of  x-axis 
vibration of the back.  ................................................................................................. 111 
Figure 4.8 Median rescaled equivalent comfort contours for each backrest inclination 
to  illustrate  the  relative  discomfort  between  sitting  with  four  different  backrest 
inclinations: each point on the contours indicates the acceleration of x-axis vibration of 
the back required to produce discomfort equivalent to that produced by 8-Hz vertical 
hand vibration at 2.0 ms
-2 r.m.s. (i.e. the common reference vibration). .................... 112 xvi 
 
Figure 4.9 Principal locations of discomfort arising from exposure to x-axis vibration of 
the back at the middle and highest vibration magnitudes. The locations are based on 
the body map. ........................................................................................................... 113 
Figure  4.10  Comparison  with  previous  studies  on  absolute  thresholds  for  the 
perception of x-axis vibration of the back with an upright backrest (i.e. at 0).  ........... 115 
Figure  4.11  Comparison  between  absolute  thresholds  for  the  perception  of  x-axis 
vibration of the back with the backrest inclined at 90 (recumbent) and the perception of 
vertical whole-body vibration of recumbent persons. ................................................. 116 
Figure  4.12 Comparison between equivalent comfort contours for x-axis vibration of 
the  back  with  an  upright  backrest  using  different  methods  and  different  reference 
vibrations and the frequency weighting Wc (inverted). ............................................... 117 
Figure  4.13  Acceleration  thresholds  and  equivalent  comfort  contours  (inverted  and 
normalised to unity at 8 Hz) compared with frequency weightings Wb and Wc.  .......... 119 
Figure 5.1 Test rig setup for z-axis vibration of the back with different backrest angles: 
(a) upright backrest (0), (b) inclined backrests (e.g. 30), (c) fully reclined backrest 
(90). The posture of the hand on the handle bar for common reference (i.e. vertical 
hand vibration) within each backrest angles are shown beneath.  .............................. 124 
Figure  5.2  Example  trial  of  perception  threshold  test,  showing  peaks  and  valleys 
formed as a result of one ‘no’ response and two consecutive ‘yes’ responses (1-up and 
2-down algorithm). .................................................................................................... 127 
Figure 5.3 Median and inter-quartile ranges of absolute thresholds for perception with: 
(a) upright backrest (0), and comparison with (b) backrest inclined at 30, (c) 60 and 
(d) fully reclined backrest (90).................................................................................. 129 
Figure  5.4  Median  rate  of  growth  of  discomfort  with  (a)  upright  backrest  (  0),  (b) 
backrest inclined at 30, (c) 60 and (d) fully reclined backrest (90).  ........................ 131 
Figure 5.5 Median absolute threshold for the perception of z-axis vibration of the back, 
and median equivalent comfort contours at nine sensation magnitudes (ψ = 40 to 250) 
within  each  of  four  backrest  inclinations:  indicating  the  z-axis  vibration  of  the  back 
required to produce discomfort equivalent to 40% to 250% of that produced by 8-Hz z-
axis vibration of the back at 0.65 ms
-2 r.m.s. ............................................................. 132 
Figure  5.6  Median  ‘rescaled’  equivalent  comfort  contours  showing  the  relative 
discomfort  between  backrest  inclinations.  Each  point  on  the  contours  indicates  the 
acceleration  of  z-axis  vibration  of  the  backrest  required  to  produce  discomfort 
equivalent to that produced by the common reference vibration (i.e., 8-Hz vertical hand 
vibration at 2.0 ms
-2 r.m.s.).  ....................................................................................... 133 xvii 
 
Figure  5.7  Principal  locations  of  discomfort  arising  from  exposure  to  middle  and 
highest vibration magnitudes when sitting with: (a) upright backrest (0), (b) backrest 
inclined at 30, (c) 60 and (d) fully reclined backrest (90). ...................................... 134 
Figure 5.8 Acceleration thresholds for z-axis vibration of the fully reclined backrest (90 
or recumbent) in the present study compared to average thresholds with longitudinal 
horizontal vibration of the back and whole-body vibration. ........................................ 136 
Figure 5.9 Equivalent comfort contours with the upright backrest (0) in the present 
study compared to discomfort with a full upright backrest equivalent to that caused by 
0.8 ms
-2 r.m.s. of 10-Hz vertical seat vibration, and the inverted realisable Wd frequency 
weighting. ................................................................................................................. 138 
Figure  5.10  Equivalent  comfort  contours  for  z-axis  vibration  of  the  fully  reclined 
backrest (90 or recumbent) in the present study compared to contours for longitudinal 
horizontal whole-body vibration of recumbent subjects. ............................................ 139 
Figure 5.11 Acceleration thresholds and equivalent comfort contours for nine sensation 
magnitudes  (ψ  =  40  to  250)  inverted  and  normalised  to  the  same  value  as  the 
realisable Wd frequency weighting at the reference frequency (at 8 Hz Wd = 0.253) and 
compared with the realisable Wd frequency weighting. ............................................. 141 
Figure  6.1  Vertical  seat  vibration  with  five  different  backrest  conditions:  with  no 
backrest (a), with upright backrest or 0 inclination (b), with backrest inclined at 30 (c), 
60 (d), and 90 or recumbent (e). ............................................................................ 148 
Figure  6.2  Similar  hand posture and grip on the wooden handle so as to produce 
equivalent discomfort at the hand with all backrest conditions, achieved by maintaining 
the angle between upper and lower arm around 90 to 120 within each subject and 
backrest condition: with no backrest (a), with upright backrest or 0 inclination (b), with 
backrest inclined at 30 (c), 60 (d), and 90 or recumbent (e). ................................. 149 
Figure 6.3  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical  seat  vibration  within  each  backrest  condition  (a-e)  and  comparison  on  the 
medians with all backrest conditions (f).  .................................................................... 153 
Figure 6.4 Median equivalent comfort contours for nine magnitude estimates (ψ = 40 
to  250)  where  100  corresponds  to  the  discomfort  caused  by  0.2  ms
-2  r.m.s.  8-Hz 
vertical  seat  vibration  with  the  same  backrest  condition:  with  no  backrest  (a),  with 
upright backrest or 0 inclination (b), with backrest inclined at 30 (c), 60 (d) and 90 or 
recumbent (e). .......................................................................................................... 155 
Figure 6.5 Relative discomfort of vertical seat vibration between backrest conditions: 
the  contours  indicate  the  vibration  magnitudes  required  to  produce  discomfort 
equivalent to 2.0 ms
-2 r.m.s. of 8-Hz vertical hand vibration (medians from 12 subjects): xviii 
 
between upright backrest (0) and recumbent (90) (a), between upright backrest and 
backrest 60 (b), between upright backrest and backrest 30 (c), between no backrest 
and recumbent (d), between no backrest and upright backrest (e), and between all 
backrest conditions (f). .............................................................................................. 156 
Figure  6.6  Principal  locations  of  discomfort  in the  body  caused  by  the  middle  and 
highest magnitude of vibration at each frequency of vertical seat vibration: no backrest 
(a),  upright  backrest  (b),  30  inclination  (c),  60  inclination  (d),  and  90  inclination 
(recumbent) (e). ........................................................................................................ 158 
Figure 6.7 Comparisons of median equivalent comfort contours (ψ = 40 to 250) for 
vertical  seat  vibration  with  no  backrest  with  contours  previously  reported for (a)  no 
backrest and (b) upright backrest. ............................................................................. 160 
Figure  6.8  Median  equivalent  comfort  contours  (ψ  =  40  to  250)  for  vertical  seat 
vibration with backrest reclined to 90 (recumbent) compared with equivalent sensation 
contours determined for vertical vibration of recumbent persons. Absolute thresholds 
for the perception of vertical whole-body vibration of recumbent person also shown for 
studies marked with asterisk. .................................................................................... 162 
Figure  6.9  Median  equivalent  comfort  contours  (ψ  =  40  to  250)  for  vertical  seat 
vibration  with  all  backrest  conditions  inverted  and  normalised  to  unity  at  8  Hz  to 
facilitate comparison with the realisable Wb frequency weighting. ............................. 163 
Figure  7.1  Vertical  whole-body  conditions:  (a)  with  no  backrest,  (b36)  with  upright 
backrest  (0-inclination),  (c)  with  backrest  inclined  at  30,  (d)  60,  and  (e)  90 
(recumbent). ............................................................................................................. 169 
Figure 7.2 Simplified schematic of model for predicting discomfort: showing two-stage 
procedure, i.e. weighting and combine procedure on measured accelerations at multi 
input  locations  (at  seat,  back  and  feet)  for  whole-body  vertical  vibration  of  seated 
people on rigid seat.  .................................................................................................. 173 
Figure 7.3  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical whole-body vibration within (a-e) each backrest condition, and (f) comparison 
on the medians with all backrest conditions. ............................................................. 174 
Figure 7.4 Medians and inter-quartile ranges of constant, k of vertical seat vibration 
within  (a-e)  each  backrest  condition,  and  (f)  comparison  on  the  medians  with  all 
backrest conditions. .................................................................................................. 175 
Figure 7.5 Median equivalent comfort contours for seven magnitude estimates (ψ = 50 
to  200)  where  100  corresponds  to  the  discomfort  caused  by  0.4  ms
-2  r.m.s.  8-Hz 
vertical whole-body vibration with the same backrest condition: (a) with no backrest, (b) xix 
 
with upright backrest (0- inclination), (c) with backrest inclined at 30, (d) 60, and (e) 
90 (recumbent), and the range of stimuli used.  ........................................................ 177 
Figure  7.6  Median  relative  discomfort  of  whole-body  vertical  vibration  between 
backrest  conditions:  the  contours  indicate  the  vibration  magnitudes  required  within 
each backrest inclination to produce sensation magnitude of 100 of that produce by 0.4 
ms
-2 r.m.s. of 8-Hz vertical whole-body vibration with no backrest condition (medians 
from 12 subjects). ..................................................................................................... 178 
Figure  7.7  Principal  locations  of  discomfort  in the  body  caused  by  the  middle  and 
highest magnitude of vibration at each frequency of vertical whole-body vibration: (a) 
no backrest, (b) upright backrest (0), (c), backrest inclined at 30, (c) 60, and (d) 90 
(recumbent). ............................................................................................................. 180 
Figure  7.8  Comparisons  between  median  equivalent  comfort  contours  of  vertical 
whole-body vibration with no backrest and with backrest in the present study and that 
reported in earlier studies. ........................................................................................ 181 
Figure  7.9  Comparisons  between  median  equivalent  comfort  contours  of  vertical 
whole-body vibration with fully reclined backrest in the present study and that reported 
in earlier studies........................................................................................................ 184 
Figure  7.10  Median  component  ride  values  and  overall  ride  values  calculated 
according to BS 6841 (1987) for exposures to vertical vibration of the vibrator platform 
required within each backrest condition to produce similar discomfort at each frequency 
to  that  when  seated  with  no  backrest.  The  reference  (dotted  line)  shows  an  ideal 
prediction  for  each  backrest  condition,  indicating  similar  values  (inferring  similar 
discomfort) at each frequency. (There are some ‘overlaps’ in the overall ride values 
calculated with the greatest component method that uses the greatest component). 186 
Figure  8.1  Seating  conditions:  Sitting  with  the  back  comfortably  leaning  against 
inclined  backrest  on  compliant  seat  (a)  and  rigid  seat  (b);  Sitting  upright  without 
backrest contact was referred as ‘Reference within seating condition’ for compliant seat 
(c), for rigid seat (d); Sitting upright on rigid seat without backrest contact (d) was also 
referred  as  ‘Common  reference  between  seating  conditions’,  a  reference  used  for 
determining relative discomfort between seating conditions.  ..................................... 194 
Figure 8.2  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical  vibration  at  the  vibrator  platform  with  each  seating  condition  (a-d),  and 
comparison on the medians with all seating conditions (e).  ....................................... 200 
Figure 8.3 Median equivalent comfort contours for four magnitude estimates (ψ = 80 to 
160)  with each seating condition, where 100 corresponds to the discomfort caused by 
0.4 ms
-2 r.m.s. 8-Hz vertical vibration at the vibrator platform.  ................................... 202 xx 
 
Figure 8.4 Relative discomfort between seating conditions: (a) the contours indicate 
the  median  vibration  acceleration  at  the  vibrator  platform  required  to  produce 
discomfort equivalent to that of ‘common reference between seating conditions’, i.e. 0.4 
ms
-2 r.m.s. of 8-Hz vertical vibration at vibrator platform when sitting upright on rigid 
seat  with  no  backrest  contact,  (b)  the  contour  indicates  the  ratio  of  vibration 
acceleration at the vibrator platform with compliant seat to that with rigid seat required 
to cause similar discomfort to that of ‘common reference between seating conditions’.
 ................................................................................................................................. 204 
Figure 8.5 Principal locations of discomfort in the body caused by the middle (0.4 ms
-2 
r.m.s.) and highest magnitude (1.6 ms
-2 r.m.s.) of vibration at each frequency with all 
seats. ........................................................................................................................ 205 
Figure  8.6 Median measured discomfort for each seat (in percentage) derived from 
inversed  ratio  of  accelerations  at  each  frequency.  Percentage  of  100%  implies 
discomfort similar to that of with the rigid seat and percentages of higher or lower than 
100%  are  indicative  of  greater  or  lower  discomfort  than  that  of  with  the  rigid  seat 
respectively.  .............................................................................................................. 207 
Figure 8.7 Comparison on median transmissibility of floor to seat, floor to x-back, and 
floor to z-back to show the effect of compliant seating from broadband random vertical 
vibration at the vibrator platform at 0.4 ms
-2 r.m.s...................................................... 208 
Figure  8.8  Comparison  on  median  transmissibility  floor  to  seat  with  and  without 
backrest contact for each seat to show the effect of backrest on transmissibility floor-to-
seat.  .......................................................................................................................... 210 
Figure 8.9 The schematic of the model for predicting discomfort, i.e. the concept of 
SEAT (seat effective amplitude transmissibility) used in this study.  ........................... 212 
Figure 8.10 Median SEAT values of each seat (in percentage), indicate the ratio of the 
likely  discomfort  with  each  seat  to  that  of  with  the  rigid  seat  at  each  frequency. 
Percentage of 100% indicates the likely discomfort of similar to that of with the rigid 
seat  and  percentages  of  higher  or  lower  than  100%  indicate  higher  or  lower  likely 
discomfort than that with the rigid seat. ..................................................................... 213 
Figure  8.11  Comparison  between  the  median  measured  discomfort  and  predicted 
discomfort (SEAT values) at each frequency for each compliant seat. ...................... 214 
Figure 8.12 Median SEAT values and breakdown of their corresponding component 
ride values (in weighted r.m.s. acceleration) with rigid and compliant seat, compared to 
median measured discomfort at each frequency. ...................................................... 216 
Figure 9.1 Vibration acceleration required of x-axis and z-axis backrest vibration and z-
axis seat vibration to cause discomfort equivalent to that caused by 8-Hz vertical hand xxi 
 
vibration at 2 ms
-2 r.m.s.: (a) upright backrest (0), (b) backrest 30, (c) backrest 60, 
and backrest 90 (recumbent).  .................................................................................. 230 
Figure 9.2 Model for predicting discomfort with multi-input vibration of seated people 
with an inclined backrest comprising a three step procedure: (i) acquisition of vibration 
acceleration  at  input  locations,  (ii)  frequency  and  axis-weightings,  and  (iii)  r.s.s. 
summation to yield an overall ride value. .................................................................. 234 
Figure 9.3 The SEAT value, a ratio of the overall ride value sitting on a compliant seat 
to the overall ride value when sitting on a reference seat (rigid seat), is proposed for 
predicting vibration discomfort with multi-input vibration as with a compliant reclined 
seat........................................................................................................................... 236 
 
   xxii 
 
 
   xxiii 
 
 
 
 
LIST OF TABLES 
 
Table 2.1 Previous studies of discomfort caused by vertical whole-body vibration...... 27 
Table 2.2 Sumary of studies of discomfort of combined axis whole-body vibration of 
seated persons. .......................................................................................................... 43 
Table 2.3 Frequency weightings and axis multiplying factors for predicting disomfort 
advocated by the BS 6841: 1987. In brackets shows the difference with ISO 2631-
1:1997 standard.  ......................................................................................................... 58 
Table  2.4  Approximate  indications  of  the  likely  reactions  to  various  magnitudes  of 
frequency-weighted r.m.s. acceleration (BS 6841, 1987; ISO 2631-1, 1997). ............. 59 
Table 3.1 Specifications of Entran EGCSY-240D-10. ................................................. 77 
Table 3.2 Specification of Derritron electrodynamic vibrator Type VP 85.  ................... 80 
Table 3.3 Specification of Derritron electrodynamic vibrator Type VP 4.  ..................... 81 
Table 3.4 Specification of 1-meter vertical vibrator ..................................................... 82 
Table  3.5  Some  of  the  variants  of  transformed  up-down  method  reported  in  Levitt 
(1971) and their probability of correct  (‘yes’) response. The ‘+’ and ‘-‘ sign represent 
‘yes’ and ‘no’ response respectively.  ........................................................................... 88 
Table  3.6  Frequency  weightings  and  axis  multiplying  factors  used  for  evaluating 
discomfort of people seated with reclined backrests (BS 6841, 1987).  ........................ 94 
Table 3.7 Non-parametric statistical tests used in the thesis. ..................................... 98 
Table  4.1  Median  exponents  (n),  constants  (k)  and  absolute  thresholds  for  the 
perception (φ0) of x-axis vibration of the back with the backrest inclined at 0 (upright), 
30, 60 and 90 (recumbent). .................................................................................. 107 
Table 5.1 Median exponent (n), constant (k) and absolute threshold (φ0) for perception 
of z-axis vibration of the back with upright backrest (0), backrest inclined at 30 and 
60 and fully reclined backrest (90 or recumbent). Median equivalent comfort contours 
can be constructed from the median n and k and are similar to the median equivalent 
comfort  contours  calculated  from  the  12  individual  equivalent  comfort  contours  as 
shown in Figure 5.5. ................................................................................................. 130 
Table  6.1  Median  exponent  (n)  and  constant  (k)  of  vertical  seat  vibration  with  no 
backrest (NB), and with stationary backrest inclined at 0 (upright), 30, 60 and 90 
(recumbent) of each frequency. ................................................................................ 154 xxiv 
 
Table 7.1 Median exponent (n) and constant (k) of vertical whole-body vibration with all 
backrest conditions: no backrest (nb), upright backrest (0), backrest inclined at 30, 
60 and fully reclined backrest (90 or recumbent). ................................................... 176 
Table 8.1 Median exponents (n) and constants (k) of compliant seats (C1 – soft foam, 
C2 - intermediate and C3 – hard foam) and rigid seat (C4). ...................................... 201 
Table 8.2 Median primary resonance frequency, maximum amplification and isolation 
frequency of transmissibility floor to seat, floor to x-back and floor to z-back of C1, C2 
and C3 seat. ............................................................................................................. 209 
 
   xxv 
 
 
DECLARATION OF AUTHORSHIP 
I, Bazil Basri 
 
declare that the thesis entitled 
 
PREDICTING RIDE COMFORT WITH RECLINED SEATS 
 
and the work presented in the thesis are both my own, and have been generated by 
me as the result of my own original research. I confirm that: 
 
 
  this work was done wholly or mainly while in candidature for a research degree at 
this University; 
  where any part of this thesis has previously been submitted for a degree or any 
other qualification at this University or any other institution, this has been clearly 
stated;  
  where  I  have  consulted  the  published  work  of  others,  this  is  always  clearly 
attributed; 
  where I have quoted from the work of others, the source is always given. With the 
exception of such quotations, this thesis is entirely my own work; 
  I have acknowledged all main sources of help; 
  where the thesis is based on work done by myself jointly with others, I have made 
clear exactly what was done by others and what I have contributed myself; 
 
Parts of this work have been published as: 
 
Basri  B  and  Griffin  MJ  (2011).  The  vibration  of  inclined  backrests:  perception  and 
discomfort of vibration applied normal to the back in the x-axis of the body. Journal of 
Sound and Vibration, 330, 18-19, 4646-4659. 
Basri  B  and  Griffin  MJ  (2011).  The  vibration  of  inclined  backrests:  perception  and 
discomfort of vibration applied parallel to the back in the z-axis of the body. Ergonomics, 
54 (12), 1214-1227. 
Basri B and Griffin MJ (2012). Equivalent comfort contours of vertical seat vibration: 
effect of vibration magnitude and backrest inclination. Ergonomics, 55 (8), 909-922. 
Basri B and Griffin MJ (2012). Predicting discomfort of whole-body vertical vibration 
when sitting with an inclined backrest. Submitted to Applied Ergonomics.  
Basri B and Griffin MJ (2012c). Discomfort caused by vertical vibration in a compliant 
seat with backrest: application of SEAT values. To be submitted to Applied Ergonomics. 
Signed:     
Date:      
 
 
 xxvi 
 
   xxvii 
 
 
ACKNOWLEDGEMENTS 
 
This  research  work  has  benefited  tremendous  support  from  various  parties  and 
individuals right from the start until the completion of the thesis. The financial support 
from Ministry of Higher Education of Malaysia and Universiti Teknikal Malaysia Melaka 
(UTeM),  and  the  participation  of  every  test  subject  in  advancing  knowledge  and 
contribution to science are gratefully acknowledged. 
I am privileged for the opportunity to work at Human Factors Research Unit (HFRU) of 
the world renowned Institute of Sound and Vibration Research (ISVR). I am honoured, 
indebted and thankful to the first class supervision given by Professor Michael Griffin. 
His words of wisdom have never missed to inspire and motivate me throughout this 
journey. I would also like to thank Dr Miyuki Morioka for her generous time in providing 
technical advice and support during the course of the work. 
I  am  pleased  and  thankful  for  the  constructive  comments  and  suggestions  from 
Professor  Mark  Lutman  and  Dr  Yi  Qiu  during  the  reviewing  processes  which  have 
helped enormously in the progress of the work. I am honoured and most grateful to 
Professor  Kenneth  Parsons  the  Pro  Vice-Chancellor  (Research)  of  Loughborough 
University, an exemplary and admirable role model, for taking part as the reviewing 
panel for the viva examination. 
Special  thanks  to  Claire  Hewitt  and  Maureen  Mew  for  helping  out  with  the 
administrative work, and Peter Russell, Gary Parker, Colin Litter, Dr Chris Lewis and Dr 
Weidong Gong for providing technical support. Thank you also to all members of HFRU 
and  all  my  friends  who  have  made  my  learning  and  research  experience  at  the 
University of Southampton an exciting memory to cherish. 
The thesis is dedicated to my loved-ones who have patiently given me their unwavering 
support  during  the  course  of  the  study  under  the  circumstances  which  were  more 
difficult than we ever anticipated. 
 
   xxviii 
 
   xxix 
 
 
 
 
 
Istimewa buat  
Bonda dan Ayahanda 
Farah 
Sameehah, Sarah, Yusuf, Muhammad 
   xxx 
 
 
 1 
 
 
 
 
 
 
Chapter 1   
  INTRODUCTION 
INTRODUCTION 
1.1  MOTIVATIONS AND OBJECTIVES 
Seats are considered an integral component of vehicle comfort. With advancements in 
technology and improved socioeconomic conditions, the expectation for comfortable 
travel  is  increased,  leading  to  stiffer  competition  among  transport  makers  trying  to 
improve comfort while reducing the cost and delivery time of every new model they 
introduce to the marketplace. However, due to the subjective nature of comfort, seating 
comfort is difficult to measure. Subjective evaluations require a number of test subjects 
and can be time consuming. 
Seats provide the largest area of contact with the passenger. Subjective responses to 
travelling conditions (e.g., vibration, temperature, humidity) can be greatly influenced 
by the characteristics of seating (Figure 1.1). A metric that provides a reliable measure 
of the relationship between seating characteristics, travelling conditions and seating 
comfort is desirable to allow objective, quick, cost-effective measurements that can be 
used for seat design optimisation. 
Frequency  weightings  and  axis  multiplying  factors  have  been  developed  as 
standardised  metrics  to  allow  for  the  sensitivity  to  frequency,  direction,  and  input 
location  of  vibration  exposure  of  seated  people  (BS  6841:1987;  ISO  2631-1:1997). 
These  weightings  have  also  been  recommended  for  measuring  and  evaluating  the 
vibration discomfort of seating (ISO 10326-1:1992; ISO 7096:2000). However, it is not 
known  whether  the  weightings  are  suitable  for  evaluating  vibration  discomfort  of 
seating with various backrest inclinations. The weightings were developed based on 2 
 
the vibration discomfort of people sitting upright with or without an upright backrest. 
With the trend for people to travel more frequently and longer than before, sit and sleep 
while  travelling,  especially  during  a  long  distance  journey,  reclined  seats  or  fully 
recumbent  seating  is  more  common.  That  raises  doubts  over  the  suitability  of  the 
weightings for evaluating vibration discomfort in reclined seating. 
 
Figure 1.1 An example of seating comfort model. 
A change of backrest inclination may be expected to alter the vibration transmitted to 
the  body  and  the  vibration  discomfort  experienced  by  passengers.  Optimising  the 
seating comfort for a variable range of backrest inclinations is a challenge for seat 
designers. It merits understanding of the effect of backrest inclination on the dynamic 
characteristics of the seat and the sensitivity of people to vibration. Since seating with 
reclined  backrest  is  increasingly  common  for  passengers,  the  applicability  of  these 
weightings merits further investigation. 
The  primary  objective  of  this  thesis  is  to  improve  understanding  on  the  effect  of 
backrest inclination on vibration discomfort. It will help to examine the suitability of the 
current  model  (i.e.,  the  frequency  weightings,  axis  multiplying  factors  and  r.s.s. 
summation) in the standards for predicting the vibration discomfort of seated people 
with  various  backrest  inclinations.  This  is  followed  by  an  examination  of  a  suitable 
model that allows for the objective measurement of seating vibration discomfort. 
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1.2  MODEL OF THE STUDY 
Based on ISO and BS framework, the experimental work in this research is divided into 
three phases (Figure 1.2).  
 
Figure 1.2 Phases of study and prediction model development. 
In Phase 1, three experiments were conducted to provide fundamental understanding 
of the effect of backrest inclination on discomfort arising from main vibration input to a 
seated body (x and z-axis vibration of the backrest and vertical vibration of the seat 
pan). This has allowed suitability of the current metrics in the standards (frequency 
weightings and multiplying factors) to be examined for evaluating x-axis vibration of the 
back, z-axis vibration of the back, and vertical seat vibration with backrests inclined at 
various  angles  (from  0  to  90  degrees).  Possible  explanations  for  the  change  in 
equivalent comfort contours of each vibration input with changes in backrest inclination 
are offered. 
In Phase 2, an experimental study was designed to look at the suitability of current 
prediction  model  in  the  standard  (the  weightings  and  r.s.s.  summation  method)  for 4 
 
predicting the discomfort of whole-body vertical vibration of seated people with inclined 
backrests. 
In Phase 3, a study was conducted to look at the suitability of SEAT (seat effective 
amplitude  transmissibility)  and  current  metrics  as  a  procedure  for  measuring 
(objectively) seating vibration discomfort.  
 
1.3  STRUCTURE OF THE THESIS 
The  thesis  covers  all  three  phases  of  experimental  works  in  chronological  order 
(Chapters  4 to  8)  followed  by  the  general  discussion  and  conclusion  of the  results 
(Chapter 9 and 10). The overall structure is as follows: 
Chapter 1:  Motivations  and  objectives  of  the  research,  plan  of  study  towards 
providing understanding of the effect of backrest inclination on vibration discomfort and 
examination of a suitable model for the prediction of vibration discomfort with inclined 
backrest, and structure of the thesis. 
Chapter 2:  A  review  of  previous  related  studies,  divided  into  five  main  sections:  
perception  thresholds  and  vibration  discomfort  of  seated  people,  factors  affecting 
vibration discomfort of seated people, methods for predicting vibration discomfort and 
challenges to the method. 
Chapter 3:  A brief account of the equipment and analysis techniques used in the 
experimental  research.  Magnitude  estimation  method  and  cross-modality  matching 
technique  used  to  determine  equivalent  comfort  contours  within  backrest  inclination 
and relative discomfort between backrest inclinations are explained. 
Chapter 4:  A study of the effects of backrest inclination on discomfort arising from 
backrest vibration applied normal to the back in the x-axis of the body so as to examine 
the current frequency weighting for evaluating the x-axis vibration of inclined backrest. 
Chapter 5:  A study of the effect of backrest inclination on discomfort arising from 
backrest  vibration  applied  parallel  to  the  back  in  the  z-axis  of  the  body  so  as  to 
examine the current frequency weighting for evaluating the z-axis vibration of inclined 
backrest. 5 
 
Chapter 6:  A study of the effect of backrest inclination on the equivalent comfort 
contours  of  vertical  seat  vibration  so  as  to  examine  the  current  weightings  for 
evaluating vertical seat vibration with inclined backrest. 
Chapter 7:  A study of the effect of backrest inclination on discomfort of whole-body 
vertical vibration so as to examine the suitability of the current standardised model for 
predicting  discomfort  of  whole-body  vertical  vibration  of  people  seated  with  various 
backrest inclinations. 
Chapter 8:  A study of the influence of compliant seats with backrests on vibration 
discomfort so as to examine a suitable model for (objective) measurement of seating 
vibration discomfort. 
Chapter 9:  General discussion of the overall findings from the experimental works, 
changes  in  the  current  metrics  (frequency  weightings  and  axis  multiplying  factors) 
required for improved prediction of discomfort with inclined backrests, and limitation of 
the prediction model. 
Chapter 10:  A summary of the overall findings of the research and recommendations 
for future work. 
   6 
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Chapter 2     
  LITERATURE REVIEW 
LITERATURE REVIEW 
2.1  INTRODUCTION 
This chapter is set out primarily to review current understanding of vibration discomfort 
and  the  objective  methods  for  predicting  the  discomfort  of  seated  people  and 
measuring seating comfort that has been evolved from this understanding. 
The  review  begins  from  the  founding  era  in  which  the  methods  for  measuring 
subjective  responses  first  emerged.  The  concept  of,  and  method  to,  determine 
thresholds for the perception of vibration are reviewed (Section 2.2). The equivalent 
comfort contour (i.e. a descriptor of discomfort as a function of frequency of vibration) is 
introduced  together  with  methods  that  have  been  used  to  determine  or  derive 
equivalent comfort contours (Section 2.3). 
Since  seating  with  inclined  backrest  is  more  common  in  transport  (and  the  main 
interest of the thesis), the review is focused on analysis of the effect of the backrest 
and  backrest  inclination  on  vibration  discomfort.  The  development  of  the  frequency 
weighting technique as a standard metric for predicting discomfort is reviewed. The 
underlying principle of the formation of frequency weightings is reviewed (Section 2.4). 
The  evolvement  of frequency  weightings, the  introduction  of multiplying factors  and 
summation procedures for multi-input vibration with the advancement of knowledge is 
reviewed in chronological order up to the publication of British Standard 6841 in 1987 
and International Standard 2631-1 in 1997. The benefits from the knowledge in the 
adoption of the weighting technique for measuring the discomfort of a seat or vehicle in 
the industrial domain is also reviewed (Section 2.5). This is followed by more recent 8 
 
knowledge gathered in since the publication of the current International Standard (post 
1997) in view of need to improve the standard to provide a better prediction method 
(Section 2.6). In the conclusion section, the gaps of knowledge are acknowledged and 
further study with regard to developing suitable metrics for predicting the discomfort of 
seated people with inclined backrests is proposed. A study of the applicability of the 
metrics  for  measuring  seating  comfort  with  various  backrest  inclinations  is  also 
proposed (Section 2.7). 
The review is limited to the scope within the interest of the thesis, primarily frequencies 
between  1  to  20  Hz  with  translational  vibration  and  seated  people.  Literature  on 
rotational vibration and other body orientations is not reviewed. 
2.2  PERCEPTION THRESHOLDS 
2.2.1  Introduction 
Research  on  human  perception  of  vibration  has focused  on  three  different  entities: 
absolute  thresholds  (the  minimum  perceptible  level),  difference  thresholds  (the 
minimum perceptible difference or just noticeable difference), and sensation at supra-
threshold levels. 
The  ‘absolute  threshold’,  ‘stimulus  threshold’  or  ‘detection  threshold’,  are  the  terms 
used to refer to the smallest amount, or the weakest stimulus energy necessary to 
produce sensation (Gescheider, 1976). The review will focus on this type of perception 
threshold. 
2.2.2  Concept of perception threshold 
The  threshold  of  perception  has  no  specific  scale  or  unit.  It  is  associated  with  a 
psychophysical response to a stimulus and described in units of the physical quantity of 
the stimulus. It is an event of chance which can be resolved by means of statistics. For 
example,  a  person  may  respond  ‘yes’  and  ‘no’  to  the  same  stimulus  on  different 
occasions or trials. Typically, the threshold is assumed to be at the 50% probability of 
the  stimulus  being  perceived.  The  response  is  a  result  of  neurological  changes 
mediated by the sensory system but may be varied with attitude, expectation, or some 
other non-sensory factors (Gescheider, 1976). The response can be determined with 
controlled  psychophysical  experiments.  In  recent  studies,  absolute  thresholds  have 
often  been  determined  at  higher  probabilities,  between  70  to  80%,  by  improved 
procedures proposed by Levitt (1971). 9 
 
2.2.3  Measurement methods 
The threshold for vibration perception can be determined using various methods and 
the  results  can  vary  up  to  3  or  6  dB  (Morioka  and  Griffin,  2002).  The  concept  of 
probability and inherent biases in the methods can be the cause of the differences. 
Although a different level of threshold may be produced with different methods, for 
vibration, the frequency-dependence of the contours of perception thresholds usually 
show some consistencies.   
Fechner, in 1860, introduced three psychophysical methods that are now regarded as 
classical methods: the method of constant stimuli, the method of limits, and the method 
of adjustment (Gescheider, 1976). Three other procedures that were developed from 
the theory of signal detection are the ‘yes-no’, ‘forced choice’, and ‘confidence rating’ 
procedures. 
2.2.3.1  Method of constant stimuli 
A number of similar stimuli, usually five to nine stimuli of different levels, are presented 
repeatedly (usually hundreds of times or more) but randomly to the subjects. The levels 
of the stimuli are spread across the range from almost never detected (lowest level) to 
almost always detected (highest level). The percentage of the stimuli being detected 
increases from the lowest level to the highest level in a manner described by an S-
shaped psychometric function called an ogive (Figure 2.1). The percentage detection at 
each level determined from the experiment is fitted to the S-shaped function so that the 
absolute  threshold  of  perception  can  be  determined  from  the  curve  at,  say,  50% 
detection. 
 
Figure 2.1 A typical psychometric function obtained using method of constant stimuli 
for measurement of absolute perception threshold. Hypothetical experiment showing 
nine stimuli and their percentages fitted to an ogive curve. The absolute threshold of 
perception is determined from 50% detection, i.e. 12.03 (Gescheider, 1976). 10 
 
2.2.3.2  Method of limits 
The stimuli are presented either in ascending or descending order with respect to their 
level. If an ascending order is chosen, the presentation of stimuli begins with a weak 
stimulus well below threshold, followed by stronger stimuli increasing by just a fraction 
until the stimulus is felt by the subject. For a descending order, they start with the 
stimulus well above threshold, followed by stimuli of reduced level, again by a small 
decrement,  until  the  stimulus  is  not  detected.  The  stimuli  at  the  transition  from 
undetected  to  detected,  or  vice  versa,  are  averaged  to  yield  the  value  of  absolute 
threshold  of  perception.  This  method  has  a  bias  towards  low  settings  (Griffin  and 
Whitham, 1976). 
2.2.3.3  Method of adjustment 
This method requires subjects to participate in adjusting the intensity of the stimuli to 
the just perceptible level. The stimuli, which start either far  below or far above the 
threshold  level,  are  presented  continuously  and  adjusted  through  ascending  and 
descending settings. The absolute threshold is determined from the average of these 
settings. 
2.2.3.4  Yes-no procedure 
This is an extension to the method of limits, variously referred to as the ‘up and down’ 
or ‘staircase’ method (Cornsweet, 1962). The procedure is similar to the method of 
limits but the presentation of stimuli is carried on until a sufficient number of cycles or 
reversals (ascending and descending) has been obtained. The average of the peaks 
and  valleys  from  these  reversals  provides  the  assumed  absolute  threshold  of 
perception. With a 1-up and 1-down procedure, the method determines thresholds at 
the 50% probability. 
2.2.3.5  Threshold tracking method 
Threshold tracking, sometimes called the von Békésy method (Gescheider, 1976), is 
similar to the staircase method. However, the stimuli are continuously variable and the 
intensity is controlled by the subjects. The subjects have to find their own threshold by 
either pressing a switch to gradually decrease the intensity of the stimuli or leaving it 
open to gradually increase the stimuli. 
 11 
 
2.2.3.6  Forced choice method 
This is another variation on the method of limits (Gescheider, 1976). As suggested by 
its name, the method literally forces the subject to pick, from two stimuli presented, the 
one  that  feels  stronger.  Stimulus  intensity  is  increased  or  decreased  in  a  similar 
manner to the method of limits. 
2.2.3.7  Transformed staircase method 
This is a version of the staircase method introduced by Wetherill and Levitt (1965). 
Since the perception threshold is an event of chance, the probability of detection can 
be improved by means of mathematical treatment. This is achieved by modifying the 
procedure, such as with 1-up and 2-down (1 ‘no’ response – up and 2 ‘yes’ responses 
– down), where the absolute threshold is determined at 70.7% perceived stimuli (see 
Section 3.4.1.1).  
2.2.4  Perception thresholds for whole-body vertical vibration 
Most studies of perception thresholds for the whole-body vibration of seated person 
have  been  carried  out  without  a  backrest  (Miwa,  1967;  McKay,  1971;  Benson  and 
Dilnot,  1981;  Parsons  and  Griffin,  1988;  Morioka  and  Griffin,  2006).  The  studies 
showed  that  perception  thresholds  for  whole-body  vibration  of  seated  person  were 
significantly dependent on vibration frequency in all three directions of excitation (x, y, 
and  z-axis).  The  results  showed  that  perception  thresholds  for  vertical  whole-body 
vibration (z-axis) were generally lower (indicating greater sensitivity) than for horizontal 
vibration (Miwa, 1967; Parsons and Griffin, 1988). For vertical whole-body vibration, the 
region of greatest sensitivity was between about 2 Hz and 6.3 Hz (Figure 2.2). At low 
frequencies,  the  level  of  the  threshold  varies  depending  on  the  footrest  condition 
(McKay, 1971). The author found thresholds to be about doubled (i.e. less sensitive) at 
1.5 and 2.5 Hz with a moving footrest than a stationary footrest.  12 
 
 
Figure  2.2 Previous studies reported on the thresholds of the perception of seated 
people for vertical whole-body vibration. 
For  vertical  whole-body  vibration  of recumbent  persons,  it  appears that  Reiher  and 
Meister  (1931)  reported  different threshold curves  than those found  in  more  recent 
studies (Miwa and Yonekawa, 1969; Szameitat and Dupuis, 1976; Miwa et al., 1984; 
Parsons and Griffin, 1988) - see Figure 2.3. From more recent studies, the region of 
greatest sensitivity was higher (at about 8 Hz) and narrower (in the proximity of 8 Hz 
and  up  to  about  16  Hz)  as  compared  to  seated  subjects  (Figure  2.3).  A  similar 
frequency  weighting  (Wb)  is  recommended  in  the  British  Standard  6841  (1987)  for 
predicting perception thresholds for vertical whole-body vibration of recumbent person. 
However, the current version of International Standard 2631-1 (1997) advocates the 
use of two different frequency weightings which imply different sensitivity between a 
person lying with a soft pillow (Wk which is very similar to Wb) and lying with no soft 
pillow underneath their head (Wj). 13 
 
 
Figure 2.3 Previous studies reported on the thresholds of the perception of recumbent 
people for vertical whole-body vibration. 
2.2.5  Perception thresholds for fore-and-aft back vibration  
There  is  no  published  work  on  human  perception  of  back  vibration.  Consequently, 
there  is  no  recommendation  for  any  frequency  weighting  for  the  prediction  of  the 
perception  threshold  of  back  vibration  in  British  Standard  6841  (1987).  However, 
International Standard 2631-1 (1997) recommends the use of frequency weighting Wc, 
which was developed based on the equivalent sensation contours at supra threshold 
levels (Parsons et al., 1982). It was presumed that there was a similarity in the shapes 
of the threshold curves and supra-threshold sensation curves, assuming no significant 
change  in  the  sensation  curve  with  vibration  magnitude.  Recently,  Gallais  et  al. 
(unpublished) found that the perception threshold curve for fore-and-aft back vibration 
(x-back) was broadly consistent with the sensation curve reported in Parsons  et al. 
(1982) and the reciprocal of the weighting curve for Wc (Figure 2.4). 14 
 
 
Figure 2.4 Absolute thresholds for the perception and equivalent sensation contour of 
fore-and-aft vibration of the back are compared with inverted frequency weighting Wc 
and normalised to 1 at 2 Hz. 
2.2.6  Conclusions 
For seated persons, there are variations between the shapes of threshold curves for 
back vibration and whole-body vibration particularly at low frequencies. This suggests 
that different shapes of threshold contours could be expected for whole-body vibration 
with the presence of a backrest. Further research is required to provide understanding 
on the effect of backrest and backrest inclination on the threshold for the perception of 
vertical whole-body vibration. 
   15 
 
2.3  VIBRATION DISCOMFORT 
2.3.1  Introduction 
Human sensation has been given attention since the middle of the nineteenth century 
from a philosophical conjecture to a scientific research in the recent years. The early 
work was focused on finding laws that govern the relationship between sensation in the 
psychological  domain  and  stimulation  in  the  physical  domain.  Fechner,  in  1860, 
claimed  that  sensation  and  stimulation  were  governed  by  a  logarithmic  function 
(Stevens, 1975). About a century later in 1957, Stevens suggested that the relationship 
is better expressed by a power law (Stevens, 1975). In most studies in recent years, 
Stevens’ power law seemed to be more accepted and the findings and understanding, 
particularly on comfort are largely based upon this law. 
2.3.2  Equivalent comfort contour 
A  change  of  discomfort  with  frequency  of  vibration  is  often  described by  means of 
‘equivalent comfort contour’. In the literature, the term ‘comfort’ in the expression is 
often  used  interchangeably  with  ‘sensation’  or  ‘discomfort’.  The  equivalent  comfort 
contour indicates the magnitude of vibration required at each frequency to produce 
similar discomfort: greater magnitude of vibration required at one frequency than at 
other frequencies indicate less discomfort is caused by vibration at that frequency than 
the same magnitude at other frequencies.  
Equivalent comfort contours can be determined by several methods discussed in the 
following  section.  Or  they  can  be  derived  using  Stevens’  power  law  in  which  the 
vibration sensation (ψ) in the psychological domain and the magnitude of the vibration 
stimuli (φ) in the physical domain are governed by a power function: 
      ψ = k φ 
n 
          Equation 2.1 
To minimise bias error with low magnitudes of stimuli, Gescheider (1976) proposed an 
inclusion of value of the perception threshold (0) in the Stevens’ equation: 
      ψ = k (φ – φ0 ) 
n 
        Equation 2.2 
The exponent, n is also referred as the rate of growth of discomfort with increasing 
vibration magnitude. With known n and k at each frequency, a series of equivalent 
comfort  contours  can  be  constructed  which  indicate  the  change  of  discomfort  with 
frequency as well as with magnitude of vibration. 16 
 
Critical  analysis  on  the  shape  of  equivalent  comfort  contours  has  formed  the 
fundamental  understanding  of  the  frequency-dependence  of  human  sensation.  This 
has also led to the development of frequency weightings in the standards for predicting 
ride comfort in vehicles.  
2.3.3  Measuring vibration discomfort 
2.3.3.1  ‘Absolute’ method: subjective rating scales 
Earlier research on subjective response to whole-body vibration employed semantic 
scaling  methods.  The  methods  subsequently  had  many  critics.  The  use  of  several 
possible descriptions such as ‘extremely unpleasant’ or ‘slightly uncomfortable’ on the 
degree  of  discomfort  of  the  vibration  in  this  method  posed  large  variations  in  the 
subjects’ subjective responses. Subjects from different backgrounds, experiences, or 
cultures may find different meanings to the same phrases used. The applicability of the 
results outside the laboratory may also be questionable. From a statistical standpoint, 
the responses were categorical and limited in finding the relation between sensations 
and vibration on a continuous scale of magnitude (Fothergill and Griffin, 1977a).  
Dempsey  et  al.  (1977)  identified  reliability,  discriminability,  and  flexibility  as  the 
important criteria of a scale. Reliability and discriminability may not be an issue since 
this type of scale (e.g. unipolar continuous type) permits highly consistent subjective 
responses for the same identical vibrations on repeated testing, and provides ability for 
the  subjects  to  discriminate  between  vibration  spectral  characteristics.  However, 
flexibility for the subjective responses on one scale to be transformed to the subjective 
responses  on  another  scale  may  not  be  so  easy.  Oborne  (1978)  found  difficulties 
comparing studies using rating scales of different semantic phrases and concluded that 
little agreement in the findings to suggest uniform distinction between comfortable and 
uncomfortable. This may have encouraged researchers in more recent studies to resort 
to  ‘relative’  methods  that  allow  for  more  flexibility  in  the  construction  of  equivalent 
comfort contours. 
2.3.3.2  ‘Relative’ method 
  Intensity  matching  techniques  (e.g. method of paired comparisons, method of 
constant stimuli, method of adjustment, etc.) seem to be a better option (Fothergill 
and Griffin, 1977b) and more versatile. The basic principle of this technique is to 
compare the response to one vibration with the response to another vibration. The 17 
 
discomfort caused by a ‘test’ vibration is compared relative to that caused by a 
‘standard’ or ‘reference’ vibration. The ‘test’ vibrations comprise those within the 
range  of  vibration  parameters  (e.g.  a  range  of  frequencies  and  magnitudes)  of 
interest. The ‘reference’ vibration can be fixed or varied according to which method 
is used. Some of the earlier works using this technique produced single equivalent 
comfort contours but in more recent studies, a family of equivalent comfort contours 
across the magnitude range have been derived based on the exponents at each 
frequency  from  the  slopes  of  linear  regression  using  Stevens’  power  law  in 
logarithmic form.  
  Method  of  constant  stimuli  (different  from  that  mentioned  in  Section  2.2.3): 
developed within the Institute Sound of Vibration Research (reported in Griffin et al., 
1982;  Corbridge  and  Griffin,  1986).  Subjects  are  exposed  to  a  fixed  ‘reference’ 
stimulus  and  followed  by  a  ‘test’  stimulus  randomly  selected  from  an  array  of 
frequencies and magnitudes. After the presentation of each pair of ‘reference’ and 
‘test’ stimuli, subjects were requested to indicate which of the two stimuli they would 
like to be reduced if they were to be presented with both stimuli again.  
  Method  of  magnitude  estimation  and  method  of  magnitude  production  (or 
method of adjustment) can be used to determine the value of the exponent but the 
findings  are  affected  by  large  artefacts  arising  from  experimental  configuration 
which may not produce the same value of exponent (Poulton, 1968). Fothergill and 
Griffin  (1977c)  compared  these  two  methods  and  found  a  bias  in  magnitude 
production because subjects tended to minimise their exposure to vibration 
2.3.3.3  Test seat 
Compliant or real seats may alter the vibration reaching the body. Vibration of the body 
may also influence the vibration at the seat if it is not rigid. In the extreme, this could 
lead to near zero vibration at the seat but significant vibration in the body (Griffin, 1990). 
Consequently,  it  has  been  preferred  to  determine  equivalent  comfort  contours  of 
seated person using rigid seats.   
 
 
 18 
 
2.4  FACTORS AFFECTING VIBRATION DISCOMFORT 
2.4.1  Effect of frequency 
The effect of frequency on vibration discomfort was first reported by Reiher and Meister 
(1931). Earlier, it was a common notion that discomfort arising from vibration is a mere 
function of vibration magnitude (i.e. vibration magnitude is the measure for the level of 
discomfort). By classifying the level of sensation into 6 levels from 0 = “not perceptible” 
to 5 = “very unpleasant - believed to be dangerous over short period”, they exposed 10 
subjects, aged 20 to 37 years, to vibration in vertical, fore-and-aft, and lateral directions 
(frequency range 3 to 70 Hz at magnitudes from 0.001 to 10 mm) when standing and 
supine.  Subjects  were  asked  to  judge  the  vibration  according  to  the  classification 
mentioned earlier. The study was an important discovery on the effect of frequency on 
human  sensation (Figure  2.5).  Since  then, the  frequency-dependence  of  discomfort 
has been a major subject of studies on human subjective response to vibration. 
 
Figure 2.5 Human sensations for vertical, fore-and-aft, lateral for standing and supine 
(Reiher  and  Meister,  1931)  –  the  first  study  to  show  frequency  dependence  of 
equivalent comfort contours (lines indicate the boundary between “definitely perceptible” 
and “strongly perceptible”). 
2.4.2  Effect of direction 
With  a  more  modern  vibration  simulator,  Miwa  (1967)  conducted  a  series  of 
experiments to study the effect of vibration direction on the frequency-dependence of 
discomfort for seated people. Using the method of paired comparisons (see Section 19 
 
2.3.3.2), equivalent comfort contours of 10 subjects age 20 to 40 were determined for 
vertical and horizontal vibration. Subjects sat on an aluminium seat with no backrest, 
feet hanging (unsupported) and exposed to vibration in the range 0.5 to 300 Hz at 
magnitudes  up  to  60  dB  (depending  on  frequency).  The  effect  of  direction  was 
significant: vertical vibration caused greater discomfort at frequencies above 5 Hz at 
which 10 dB less than horizontal vibration required to cause similar discomfort to that of 
the reference vibration, 20 Hz at 50 dB or 3.099 ms
-2 r.m.s. (Figure 2.6). 
 
Figure 2.6 Equivalent comfort contours for seated people by Miwa (1967) and 8-hour 
‘fatigue-decreased proficiency boundary’ (ISO 2631:1974) for (a) vertical, (c) horizontal 
whole-body vibration. 
For  convenience,  Miwa  (1967)  suggested  the  frequency  dependence  of  equivalent 
comfort contour can be approximated to a physical meaning:  acceleration constant at 
frequencies below 6 Hz, velocity constant (or linear proportion, i.e. 6 dB per octave) at 
frequencies between 6 and 60 Hz and displacement constant (i.e., 12 dB per octave) at 
frequencies greater than 60 Hz. The work influenced the weightings in the first version 
of  the  standard  for  the  evaluation  of  human  exposure  to  whole-body  vibration  with 
respect  to  fatigue-decreased  proficiency,  exposure  limit  for  health  or  safety  and 
reduced comfort (ISO 2631, 1974). 
2.4.3  Effect of input location 
For seated passengers in a real environment, vibration can enter the body in multiple 
directions at multiple input locations (e.g. vertical, fore-and-aft and lateral vibration at 20 
 
the seat, the backrest, and the floor). There were summation effects from multi-axis (i.e. 
lateral and vertical) vibration on discomfort of subjects seated on airline seats in a flight 
simulator  (Halloway  and  Brumaghim,  1972;  Leatherwood  and  Dempsey,  1976:  see 
Section 2.4.6.3). Although subjects were exposed to vibration at the seat and the back 
from the airline seat and at the feet from the floor of the simulator, the effect of each 
input location was not investigated. Griffin and Whitham (1979), Parsons and Griffin 
(1979) determined equivalent comfort contours for vibration presented at the seat, the 
back, and the feet separately so as to look at the effect of input location systematically 
in their effort to devise a model for predicting discomfort for multi-input vibration of 
seated people. They also conducted field measurement of vibration acceleration at the 
seated passengers’ ischial tuberosities, back and feet in six passenger cars (Parsons 
and Griffin, 1980). Although, vertical vibration of the seat was often the principal source 
of vibration discomfort, the fore-and-aft vibration of the back or vertical vibration at the 
feet  can  become  a  dominant  source  under  some  operating  conditions.  More 
comprehensive analysis of the studies were reported in the subsequent four papers (i.e. 
Griffin  et  al.,  1982a,  Parsons  et  al.,  1982;  Griffin  et  al.,  1982b)  where  asymptotic 
approximation of the frequency-dependent equivalent comfort contours and the relative 
contribution of each input location to overall vibration discomfort were proposed. These 
were the landmark studies which formed the basis for the frequency weightings and 
multiplying factors for the seat, back and feet in  British Standard 6841 (1987) and the 
latest version of International Standard 2631-1 (1997). 
2.4.3.1  Seat vibration 
Vertical seat vibration 
There were marked consistencies in the trend of frequency-dependence of equivalent 
comfort  contours  for  vertical  seat  vibration  reported  in  earlier  studies  (Miwa,  1967; 
Griffin,  1976;  Griffin  et  al.,  1982a;  Corbridge  and  Griffin,  1986).  Collectively,  these 
studies  indicate  the  frequencies  of  greatest  discomfort  (i.e.  the  least  vibration 
acceleration  required to  cause  similar  discomfort  across  the frequency  range)  were 
around  5  Hz.  The  frequency  of  greatest  discomfort  was  similar  to  the  resonance 
frequency evident in the vertical apparent mass (e.g. Fairley and Griffin, 1989). There 
were consistent trends of decreasing discomfort with increasing frequencies at high 
frequencies and with decreasing frequencies at low frequencies below 5 Hz (Figure 
2.7).  
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Figure 2.7 Equivalent comfort contours for vibration at the seat in vertical direction, and 
compared with inverted frequency weighting Wb and normalised to unity at 5 Hz (BS 
6841, 1987). 
The subsequent development of the weightings in the standards for evaluating vertical 
seat vibration were based on these studies, predominantly from  studies on subjects 
sitting upright without a backrest over the frequency range 1 to 63 Hz (Griffin et al., 
1982a) and those obtained with a backrest at frequencies from 0.5 to 5 Hz (Corbridge 
and Griffin, 1986). In both studies, the method of constant stimuli (see Section 2.3.3.2) 
was used with the reference vibration at two magnitudes (0.5 and 1.25 ms
-2 r.m.s. at 10 
Hz in Griffin et al. (1982a); 0.25 and 0.75 ms
-2 r.m.s. at 2 Hz in Corbridge and Griffin 
(1986)).  There  was  generally  no  significant  difference  between  equivalent  comfort 
contours  at  two  different  levels  in  both  studies,  suggesting  no  effect  of  vibration 
magnitude on the frequency-dependence of the contours. The frequency-dependence 22 
 
of the contours obtained from Corbridge and Griffin were consistent with Shoenberger 
(1975), Griffin et al. (1982a) and Donati et al. (1983). Greater discomfort at 4 and 5 Hz, 
indicated by the lower contours in Corbridge and Griffin and Griffin et al than reported 
in the other two studies was due to half of the subjects used being female. Corbridge 
and  Griffin  reported  females  are  relatively  more  sensitive  than  male  at  these 
frequencies and the absence of female subject in the other two studies may explain 
higher contours in their studies. Below 2 Hz, greater discomfort as seen in the contour 
by Griffin et al was due to relative motion between the moving seat pan and stationary 
footrest. Subjects became more sensitive with larger displacement of the seat pan at 
low frequency. 
Horizontal seat vibration 
The shapes of the equivalent comfort contours for fore-and-aft and lateral seat vibration 
are similar in many studies (e.g. Miwa, 1967; Griffin et al., 1982a, Morioka and Griffin, 
2006  –  Figure  2.8).  There  were  consistent  trends  for  acceleration  constant  at 
frequencies  below  about  2  or  3  Hz  with  the  least  acceleration  required  across  the 
frequency range. The frequencies of greatest discomfort coincide with the first (0.7 Hz) 
and second mode (between 1.5 and 3 Hz) of resonance frequencies of fore-and-aft and 
lateral apparent mass of seated people with no backrest (Fairley and Griffin, 1990). 
There was also a consistent trend of decreasing discomfort with increasing frequency 
at 6 dB per octave above about 2 or 3 Hz. 
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Figure 2.8 Equivalent comfort contours for vibration at the seat in fore-and-aft (a), and 
lateral direction (b), compared with inverted frequency weighting Wd and normalised to 
unity at 2 Hz (BS 6841, 1987). 
2.4.3.2  Backrest vibration   
Backrest is commonly used in transports. It can be a transmission path for vibration 
from the source to the body and affect discomfort.  Parsons et al. (1982) used a special 
arrangement of two electrodynamic vibrators so that subjects could sit on a stationary 
seat pan with stationary footrest whilst exposed to backrest vibration for test motion 
and moved to vertical seat vibration for reference motion during the test. It was the first 
study  to  determine  the  equivalent  comfort  contours  for  backrest  vibration  in  three 
orthogonal  directions.  Fore-and-aft  and  lateral  vibrations  of  the  backrest  were 
presented via an aluminium plate attached to a horizontally oriented vibrator, vertical 
vibration of the backrest from the plate attached to vertically orientated vibrator, and 
vertical seat vibration from rigid seat pan attached to the table of the vertically aligned 
vibrator. Using the method of constant stimuli, subjects moved between seat vibrator to 
receive a reference vibration (i.e. 10-Hz vertical seat vibration at 0.8 ms
-2 r.m.s.) and 
backrest vibrator to receive a test vibration in the range 2.5 to 63 Hz.  24 
 
The results showed greater sensitivity to fore-and-aft vibration than to vertical or lateral 
vibration at all frequencies from 2.5 to 63 Hz (Figure 2.9). There was no significant 
difference  between  the  frequency-dependence  of  equivalent  comfort  contours  for 
vertical and lateral backrest vibration. Both contours exhibited a decrease in discomfort 
with increasing frequencies at 6 dB per octave and form the basis for Wd weighting in 
the standard for evaluating z- and y-axis vibration of the backrest. 
 
Figure 2.9 Equivalent comfort contours for vibration of the upright backrest in: (a) fore-
and-aft direction, compared with inverted frequency weighting Wc and normalised to 
unity at 8 Hz, and (b) lateral and vertical direction, compared with inverted frequency 
weighting Wd and normalised to unity at 2 Hz (BS 6841, 1987). 
There  was  a  trend  for  greatest  discomfort  caused  by  fore-and-aft  vibration  of  the 
backrest  at  frequencies  below  8  Hz.  The  median  equivalent  comfort  contour  was 
approximately flat below 8 Hz corresponding to acceleration constant and sloped at 6 
dB per octave corresponding to velocity constant at frequencies greater than 8 Hz. It 
has been reported that a resonance of the fore-and-aft apparent mass of the back 
around 4 to 6 Hz coincides with the frequencies of greatest discomfort (Abdul Jalil and 
Griffin, 2008). The shape of the contour has formed the basis for Wc weighting in the 25 
 
standards for evaluating x-axis vibration of the backrest. The shape of the equivalent 
comfort contour for fore-and-aft vibration determined using lower vibration magnitudes 
of a reference vibration, (i.e. 0.25 ms
-2 r.m.s. at 10 Hz) was also consistent (Kato and 
Hanai, 1998). 
2.4.3.3 Relative sensitivity between input – axis multiplying factors 
In the series of experiments conducted to determine the equivalent comfort contours 
for vibration at the seat, back, and feet with all vibration directions, Griffin et al. (1982b) 
used similar reference vibration (i.e. vertical seat vibration at 0.8 ms
-2 r.m.s. 10 Hz). 
They were then able to determine the magnitude of vibration required at each input 
location and direction to cause similar discomfort (i.e. the discomfort caused by the 
reference  vibration)  (Figure  2.10).  It  becomes  clear  from  the  simplified  equivalent 
comfort contours for vibration at each location as seen in Figure 2.10, there is some 
form of ratio between input locations that can be determined from the ‘position’ of the 
contours with respect to the ordinate. For example, the vibration acceleration required 
with fore-and-aft seat vibration is about 12 dB less than that with fore-and-aft footrest 
vibration at 3.15 Hz: indicating sensitivity to fore-and-aft seat vibration is four times 
higher than that of fore-and-aft footrest vibration. It is therefore assumed for fore-and-
aft  whole-body  vibration,  discomfort  arising  from  fore-and-aft  vibration  at  the  feet 
contributing the fourth of the fore-and-aft vibration at the seat in the overall vibration 
discomfort. These ratios are later adopted in the later version of the standards (ISO 
2631-1, 1997; BS 6841:1987) and are referred as ‘multiplying factors’ (See Table 2.3 in 
Section 2.5.5).  
There  are  some  similarities  in  the  frequency-dependence  of  equivalent  comfort 
contours (e.g. for vertical seat and vertical feet vibration). Taking advantage of using 
the  same  frequency  weightings  for  evaluating  some  of  these  inputs,  the  ratio  of 
sensitivities were normalised to the ‘global discomfort’ (i.e. relative to all directions). 
Thus the ratio of 1 to 4 with fore-and-aft seat to fore-and-aft feet discussed earlier were 
normalised and became 0.25 to 1.0 as seen in Table 2.3 (i.e. k = 0.25 and 1.0 for fore-
and-aft feet and fore-and-aft seat vibration respectively). Some minor adjustments were 
made on the proposals by Griffin et al. for frequency weightings and multiplying factors 
in the standards as seen in Figure 2.10 after analysing some other findings. The Wb 
weighting for vertical seat vibration for example, the shape at lower frequencies (below 
5  Hz)  was  revised  after  consistent  trend  of  decreased  discomfort  with  decreasing 
frequencies reported at frequencies below 5 Hz in the later studies (e.g. Corbridge and 
Griffin, 1986). 26 
 
 
Figure 2.10 Simplified equivalent comfort contours proposed by Griffin et al. (1982b) to 
indicate relative sensitivity to vibration at the seat, backrest and footrest in each of 
three  translational  directions  of  the  whole  body.  The  proposals  on  the  relative 
sensitivities to each of these input locations were later adopted as multiplying factors 
for the corresponding frequency weightings in the standards for evaluation of whole 
body vibration. (Note: their proposals on relative sensitivity to rotational directions are 
beyond the scope of the thesis and therefore excluded). 
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2.4.4  Effect of backrest 
There is a considerable body of literature related to studies on discomfort caused by 
whole-body vibration with different backrest conditions. The effect of the backrest may 
not be investigated directly in some of these studies. However  a closer look at the 
differences  in  the  shapes  of  the  equivalent  comfort  contours  for  conditions  with  a 
backrest and without a backrest can provide a meaningful interpretation of the effect of 
the backrest. The underlying principle of the prediction model in the standards can also 
be comprehended. 
2.4.4.1  Vertical seat vibration 
Vertical  seat  vibration  is  often  the  most  common  and  dominant  in  transport 
environment. Therefore, it has become the main interest of research in the last four 
decades. Despite the large body of literature on subjective responses to vertical seat 
vibration, the effect of the backrest has not been investigated thoroughly. It has been 
assumed the presence of the backrest would provide an additional input to the source 
of vibration and therefore increase discomfort. 
Table 2.1 Previous studies of discomfort caused by vertical whole-body vibration 
Year 
 
Researchers 
 
Seat type 
 
Feet  and hand 
condition 
 
Back 
condition 
Method 
 
frequency 
range 
1967 
 
 
Miwa 
 
 
Rigid seat 
 
 
Feet hanging 
(maximum thigh 
contact) 
NO backrest 
 
 
Method of paired 
comparisons 
 
0.5 - 300 Hz 
 
1971 
 
 
 
Shoenberger 
and Harris 
 
 
Rigid seat  
(lap belt) 
 
 
Feet NOT vibrated 
 
 
 
Full backrest 
(shoulder 
harness) 
 
Magnitude 
estimation and 
Intensity 
matching 
3.5 - 20 Hz 
 
 
 
1972 
 
Jones and 
Saunders 
Rigid seat 
 
Feet vibrated 
 
NO backrest 
 
Method of 
adjustment 
4 - 80 Hz 
 
1972 
 
 
Dupuis et al. 
 
 
Rigid seat 
 
Feet and hand 
vibrated 
 
NO backrest 
 
 
Method of 
adjustment 
 
1 - 30 Hz 
 
1976 
 
 
Griffin 
 
 
Rigid seat 
 
 
Feet NOT vibrated 
(average thighs 
contact) 
NO backrest 
 
 
Method of 
adjustment 
 
3.15 - 20 Hz 
 
1982 
 
 
Griffin et al. 
 
 
Rigid seat 
 
 
Feet NOT vibrated 
(average thighs 
contact) 
NO backrest 
 
 
Method of 
constant stimuli 
 
1 - 63 Hz 
 
1982 
 
Oborne and 
Boarer 
Rigid seat 
 
Feet vibrated 
 
Full backrest 
 
Method of 
adjustment 
2.5 – 60 Hz 
 
1983 
 
 
 
Donati et al. 
 
 
 
Soft seat 
 
 
 
Hand and Feet 
vibrated 
 
 
Half backrest 
(lumbar 
support) 
 
Intensity 
matching 
 
 
1 -10 Hz 
 
 
1986 
 
Corbridge and 
Griffin 
Rigid seat 
 
Feet vibrated 
 
Full backrest 
 
Method of 
constant stimuli 
0.5 - 5 Hz 
 
2006 
 
 
 
Morioka and 
Griffin 
 
 
Rigid 
contoured seat 
(no thighs 
support) 
Hands and feet 
NOT vibrated 
 
 
NO backrest 
 
 
 
Magnitude 
estimation 
 
 
2 - 315 Hz 
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Equivalent comfort contours for vertical seat vibration with a backrest (Shoenberger 
and Harris, 1971; Oborne and Boarer, 1982; Donati et al., 1983; Corbridge and Griffin, 
1986) and without the backrest (Miwa, 1967; Dupuis et al., 1972; Jones and Saunders, 
1972; Griffin, 1976; Griffin et al., 1982a; Morioka and Griffin, 2006) are compared (see 
Table 2.1 and Figure 2.11).  
The trends of equivalent comfort contours for vertical seat vibration with and without 
the  backrest  obtained  from  these  studies  show  some  reasonable  agreement.  The 
frequencies  of  greatest  discomfort  (i.e.  at  which  the  least  vibration  acceleration 
required to produce similar discomfort), were between 5 and 8 Hz (e.g. Miwa, 1967; 
Griffin et al., 1982a) or between 5 and 10 or 16 Hz (Griffin et al., 1982a; Morioka and 
Griffin, 2006). The contours obtained from a study by Dupuis et al. (1972) and also 
from Jones and Saunders (1972) exhibit greatest discomfort at 5 Hz.  
 
Figure 2.11 Comparison between equivalent comfort contours for vertical vibration with 
and without the backrest. 29 
 
At high frequencies, there is a general trend for greater discomfort with the backrest as 
indicated by flatter contours with the backrest than without the backrest. There were 
two extremes between these two backrest conditions when comparing the contours 
reported by Dupuis et al. (without the backrest) and Donati et al. (with the backrest). A 
sharp fall in discomfort above 5 Hz and greater rate of decrease in discomfort with 
increasing  frequencies  in  the  former  study  could  possibly  be  related  to  the  use  of 
steering wheel. Without the backrest, the steering wheel that moved in phase with the 
seat and the floor could have provided postural support for the upper body, allowing 
subjects to ‘ride on’ with the motion. It could have also become a mechanism that 
disperses  the  dominant  vibration  at  the  seat  throughout  the  human-seat-steering 
system.  But  with  the  backrest  (intended  used  for  lumbar  support)  in  the  study 
conducted by Donati et al., together with the use of steering wheel might have caused 
pull-and-push  motion  within  the  upper  body  and  hence  causing  greater  discomfort. 
Indeed, the backrest is expected to induce greater discomfort at high frequencies. 
The backrest provides additional input to the body and gives rise to greater vibration 
and sensation (Griffin, 1990, pp 353). The backrest can also be expected to change the 
sitting posture where the upper body can be more upright with reduction in the lordotic 
curvature of the spine. With a more straight back, it tends to increase the transmission 
of much more vibration to and through the body at high frequencies (Griffin, 1990, pp 
346). An increase in vibration to the body has been reported in the increase in the 
vertical apparent mass of seated people measured at the seat surface at frequencies 
above resonances (i.e. about 4 or 5 Hz), with the use of the backrest (Fairley and 
Griffin, 1989; Mansfield, 1998). Vibration through the body was also increased where 
seat-to-head transmissibility was reported to increase significantly in vertical, fore-and-
aft and pitch axes of the head at resonance (about 5 Hz) and at frequencies above 
resonance when subjects exposed to vertical seat vibration (Paddan and Griffin, 1988a: 
Figure 2.12).  Apart from that, there are considerable dynamic forces in the fore-and-aft 
and  vertical  direction  at  the  seat  and  the  backrest  with  the  use  of  the  backrest 
(Nawayseh and Griffin, 2004). 30 
 
 
Figure 2.12 The effect of backrest on vertical vibration of seated person: (a) apparent 
mass (Fairley and Griffin, 1989), (b) seat-to-head transmissibility (Paddan and Griffin, 
1988a). 
At low frequencies, there were tendencies for less discomfort with the backrest. Some 
studies showed a flatter contour without the backrest (i.e. sloped at –3 dB per octave) 
(Miwa, 1967) or approximately 0 dB per octave (Morioka and Griffin, 2006). With the 
backrest, all the contours sloped at –6 dB per octave (Shoenberger and Harris, 1971; 
Oborne  and  Boarer,  1982;  Donati  et  al.,  1983;  Corbridge  and  Griffin,  1986).  This 
implies  the  presence  of  a  backrest  could  possibly  be  one  of  the  main  reasons  for 
greater  reduction  in  discomfort  with  decreasing  frequency.  Vibration  displacement 
becomes larger at lower frequencies and the pitching motion or bending of the seat 
might have led the tendency of the upper body to lose balance. Voluntary or involuntary 
(a) 
(b) 31 
 
muscle activities must have been involved to mitigate the pitching or sway of the upper 
body.  However,  with  the  backrest  and  harnessing,  the  support  could  have  been 
provided for better postural stability and reduced discomfort. 
2.4.4.2  Fore-and-aft seat vibration 
The effect of backrest on discomfort caused by fore-and-aft seat vibration has been 
reported by Donati et al. (1983) for the frequency range 1 to 10 Hz. Using a detachable, 
semi-rigid half-backrest, equivalent comfort contours were determined from 34 young 
subjects  (17  male,  7  female)  for  conditions  with  and  without  backrest  (the 
transmissibility  of  the  seat  in  this  direction  was  unity  with  less  than  5%  deviation). 
Subjects were requested to sit erect but not stiff with their hands holding the steering 
wheel.  The  presence  of  the  backrest  caused  significantly  greater  discomfort  at 
frequencies between 3 and 5 Hz, and peak at 4 Hz where about 17% less vibration 
acceleration required with the backrest than without the backrest (Figure 2.13). The 
backrest also seemed to cause greater discomfort at low frequencies below around 2 
Hz. 
 
Figure 2.13 The effect of backrest: equivalent comfort contours for fore-and-aft seat 
vibration with backrest and without backrest (Donati et al., 1983). 32 
 
This could be related to the response of the musculo-skeletal structure of the body to 
fore-and-aft  vibration.  The  resonance  frequency  of  fore-and-aft  apparent  mass  of 
seated  people  was  reported  at  3.5  Hz  with  the  backrest  and  at  0.7  Hz  and  at 
frequencies  between  1.5  and  3  Hz  without  the  backrest  (Fairley  and  Griffin,  1990; 
Figure 2.14a). The authors reported the resonance at 3.5 Hz with the backrest can be 
associated with the second mode arising from out-of-phase motion between the body 
at the seat pan (i.e. buttocks and hips) and the shoulders. The forces in the fore-and-aft 
direction  at the  seat  were  significantly  increased  with  the  presence  of the  backrest 
resulted  in  considerably  higher  apparent  mass  at  around  3.5  Hz.  It  has  also  been 
reported the backrest has the possible effect of stiffening the body which explain the 
increase in the resonance frequencies with backrest. 
At high frequencies (above about 6 or 8 Hz), the backrest may be expected to induce 
greater discomfort due to a detrimental effect it causes as seen in the seat-to-head 
transmissibility with fore-and-aft vibration (Griffin, 1990, pp 354). Much more vibration 
transmitted to fore-and-aft, pitch and vertical axis of the head at frequencies above 4 
Hz  when  there  was  contact  with  a full-height  backrest  (Paddan  and Griffin,  1988b, 
Figure 2.14b). However, with half backrest used in the study by Donati et al., the effect 
was less dramatic. With half-height backrest, the contact was only around the lumbar 
region and not the entire upper body which therefore did not change the transmission 
path from the seat to the head that much from condition without the backrest. This may 
be one of the reasons for less distinctive effect of backrest at high frequencies reported 
in their study. 
At low frequencies, the presence of the backrest can be expected to cause greater 
discomfort with possible pushing force from the backrest and pitching of the upper body. 
However, it can also be beneficial depending on the strategy adopted in maintaining 
the  postural  stability.  Wyllie  and  Griffin  (2009)  reported  the  backrest  caused  less 
discomfort at most frequencies they investigated (0.2 to 1.6 Hz). From their observation, 
the motion of the head and upper body tended to lag behind that of the seat. If the 
subjects  chose  to  sit  perfectly  upright,  their  centre  of  pressure  moved  behind  their 
ischial  tuberosities  and  could  potentially  causing  loss  of  balance.  If  they  adopted 
slightly  kyphotic  posture,  they  might  have  able  to  mitigate  the  risk. With  full-height 
backrest and four-point harnessing to secure the upper body on the backrest, have 
caused less discomfort with low-frequency fore-and-aft vibration. 
 33 
 
 
Figure  2.14  The  effect  of  backrest  on  fore-and-aft  vibration  of  seated  person:  (a) 
apparent  mass  (Fairley  and  Griffin,  1990),  (b)  seat-to-head  transmissibility  (Paddan 
and Griffin, 1988b). 
2.4.4.3  Lateral seat vibration 
There is no study found looking at the effect of backrest with lateral seat vibration 
except for low frequencies between 0.2 to 1.6 Hz (Wyllie and Griffin, 2007). However, 
for higher frequency range, the effect of backrest can be examined from differences in 
the equivalent comfort contours with the backrest (Donati et al., 1983; Corbridge and 
Griffin, 1986) and without the backrest (Griffin et al., 1982a; Morioka and Griffin, 2006) 
– see Figure 2.15.  
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Figure 2.15 The effect of backrest: comparison between equivalent comfort contours 
for lateral seat vibration with and without backrest. 
It seems there is not much different between the contours of Corbridge and Griffin and 
the  contours  of  the  two  studies  with  no  backrest  at  frequencies  greater  than  2  Hz 
(Figure  2.15):  vibration  acceleration  required  to  cause  similar  discomfort  with  both 
backrest conditions decreased at the same rate of 6 dB per an octave increase in 
frequency. Implying the same mechanism associated with feeling the discomfort did not 
affected by the backrest. This is consistent with not much difference reported in the 
lateral apparent mass and seat-to-head transmissibility with and without the presence 
of the backrest (Fairley and Griffin, 1990, Paddan and Griffin, 1988b) – Figure 2.16b. 35 
 
From Fairley and Griffin, the difference in the lateral apparent mass measured at the 
seat between sitting with no backrest and with full height backrest seems to suggest 
the effect of the backrest was only significant at resonance frequencies in the region of 
1.5  Hz  (Figure  2.16a).  The  mode  of  vibration  associated  with  the  resonance  was 
expected from the response of the body at the level of the seat (i.e. buttocks or hips, 
and the shoulders). The contact with the backrest might have provided some form of 
resistance to the upper body from swaying side to side and somehow made the body 
less damped. 
 
 
Figure  2.16 The effect of the presence of a backrest with lateral seat vibration: (a) 
lateral  apparent  mass  (Fairley  and  Griffin,  1990),  (b)  seat-to-head  transmissibility 
(Paddan and Griffin, 1988b). 
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At higher frequencies, the backrest could be beneficial by providing support for the 
body and reducing body sway causing reduced discomfort. However, the contour of 
Donati et al. suggests otherwise. The use of half backrest in their study means no 
contact with the large part of the upper back, hence no support for the upper body. 
Some  voluntary  or  involuntary  muscle  activities  might  have  involved  in  maintaining 
erect  posture  as  instructed  during  the  experiment  and  therefore  caused  greater 
discomfort. 
At low frequencies (between 0.4 and 1.6 Hz), Wyllie and Griffin (2007) reported greater 
discomfort  with  lateral  vibration  when  subjects  seated  with  full  height  backrest  and 
restrained with four-point harness than that without a backrest. It seems the finding 
contradicts  the  explanation  given  earlier.  With  the  backrest  and  complete  harness, 
subjects’  upper  body  were  well  supported,  held  and  moved  with  the  backrest  and 
resulted in enhanced postural stability. Unlike without the backrest, the body tends to 
sway side to side with no mechanism of support for the upper body. This is particularly 
beneficial at low frequency with large relative displacement in the lateral oscillation. It 
should therefore be expected the backrest would result in less discomfort.  According 
to the authors, the perplexing result of greater discomfort with the backrest could be 
contributed to different strategy adopted within the subjects in their study. For subjects 
chose to ‘ride the motion’ when seated with no backrest, the voluntary back muscle 
activity involved in ‘going with the ride’ produces feeling of lesser discomfort. When the 
same strategy adopted, the presence of the backrest could be the hindrance which 
caused greater discomfort. 
2.4.5  Effect of duration 
The  earlier  versions  of  the  International  Standard  2631  (1974,  1978)  suggest  time 
dependency of discomfort to be at the rate which is similar to all frequencies (between 
1 and 80 Hz) for exposure duration from 1 min to 24 hours (Figure 2.17). It is intuitively 
reasonable to assume that vibration exposure in short duration would only produce 
similar discomfort in longer duration if the level of the vibration is lower, as what has 
been  suggested  by  the  standards.  However,  the  ISO  time-dependency  of  vibration 
discomfort  is  not  supported  with  substantial  experimental  proof  and  has  some 
drawbacks. It contrasts to time-constant effect (Miwa 1968), some findings that suggest 
the  rate  of  change  in  discomfort  with  duration  may  depend  on  vibration  frequency 
(Kjellberg and Wikström, 1985; Kjellberg et al., 1985), and the experimental method 
used (Hiramatsu and Griffin, 1984). It is not practical for absolute assessment in almost 
all transport systems. The 24-h reduced-comfort boundaries (e.g., 0.044 ms
-2 r.m.s. in 37 
 
the z-axis), are exceeded in most of the transport environments within only a few hours 
(Griffin, 1990). It is complex, difficult to use and lack of predictive power. 
 
 
Figure 2.17 Comparison between time dependency given in ISO 2631 (1974) with a
2t 
= constant and with a
4t=constant time dependencies (Griffin and Whitham, 1980). 
Griffin  and  Whitham  (1980a,  1980b)  conducted  a  comprehensive  study  on  time-
dependency of vibration discomfort of vertical whole-body vibration (Figure 2.17). In 
their first experiment, the method of constant stimuli was employed where 20 subjects 
were  required  to  choose  the  lesser  discomfort  between  the  two  sinusoidal  stimuli 
presented to them. The test stimuli were 4, 8, 16 and 32 Hz at 8 levels each, presented 
for 8 different durations (from the duration of 1 cycle up to 4 seconds), and individually 
compared to a reference stimuli of 10 Hz at 1 ms
-2 for 1 second. There was a clear 
downward trend in the regression line of fitted to cumulative distributions of the data for 
all 8 durations (in log-log coordinates): indicating of much greater level (acceleration) 
was required to produce similar discomfort as the stimulus duration decreased. There 
were some evidences of differences between frequencies but no changes in the slope 38 
 
of  the  regression  line  at  extended  exposure  (up  to  32  seconds)  as  shown  in  their 
second experiment. The slope did not indicate the suitability of the commonly used 
root-mean-square  (r.m.s.)  method  for  predicting  discomfort  of  differing  durations.  
Therefore,  the  authors  proposed  a  root-mean-quad  (r.m.q.)  to  better  describe  the 
discomfort from varying exposure time. 
In the current standards (BS 6841, 1987; ISO 2631-1, 1997), both r.m.s. (a
2t) and r.m.q. 
(a
4t)  methods  are  adopted.  The  r.m.q.  method  seems  to  be  more  appropriate  for 
vehicle  vibration  when  non  stationary  with  occasional  peaks  (e.g.  when  hitting  the 
potholes or joints) contained in the input spectra (see Section 2.5.5.2). 
2.4.6  Complex vibration environment: combined/composite 
The majority of the studies on subjective responses involved single-frequency, single-
axis, single-input sinusoidal vibration. The studies are rather simplistic and may not be 
encountered in any real transport environment. However, they have helped to form 
fundamental understandings of factors affecting discomfort (e.g. frequency, direction 
and input location) and provide the basis for further investigation on responses to far 
more complex vibration which ultimately is significant in developing reliable metrics for 
predicting discomfort. 
2.4.6.1  Random vibration 
Griffin  (1976)  investigated  the  suitability  of  the  weightings  developed  based  on  the 
discomfort of sinusoidal vibration for predicting discomfort of narrow and broadband 
random vibration in the vertical direction at the seat. Nine single-frequency sinusoidal 
vibration (3.15, 4, 5, 6.3, 8, 10, 12.5, 16  and 20 Hz), nine narrowband random (1/3
rd-
octave vibration spectra centred at those aforementioned frequencies), three 1-octave 
bands centred at 4, 8 and 16 Hz, and one 3-octave band centred at 8 Hz (broadband) 
were tested. Ten subjects were requested to adjust the level of each of these vibrations 
so that each of them produce discomfort equivalent to that of 10 Hz 0.75 ms
-2 r.m.s. 
sinusoidal vibration. The shape of the mean equivalent comfort contour of 1/3
rd-octave 
random vibration was broadly similar to that of the sinusoidal vibration although it was 
flatter due to lesser sensitivity at 5 Hz and greater at 10 and 12.5 Hz (Figure 2.18). This 
would  imply  that  the  same  weighting  used  for  predicting  discomfort  of  sinusoidal 
vibration may well be used for narrowband random vibration.  39 
 
 
Figure 2.18 Mean equivalent comfort contours of sinusoidal and third-octave random 
vertical seat vibration (Griffin, 1976). 
Both  weightings  from  equivalent  comfort  contours  of  sinusoidal  and  1/3
rd-octave 
random were then applied to the power spectra of 1-octave and 3-octave broadband 
random vibrations for predicting the levels required to produce discomfort of 10 Hz 0.75 
ms
-2  r.m.s.  These  predicted  levels  were  compared  with  the  level  adjusted  by  the 
subjects to cause similar discomfort to 10Hz 0.75 ms
-2 r.m.s. (i.e., measured level). The 
weightings with sinusoidal vibration were shown suitable for predicting discomfort of 
broadband random vibration although the weighting with 1/3
rd-octave provided a better 
prediction. 
Using  ‘floating  reference  vibration’  method,  Donati  et  al.  (1983)  investigated  the 
possible  differences  between  equivalent  comfort  contours  of  sinusoidal  and 
narrowband random vibration of vertical, fore-and-aft and lateral whole-body vibration 
in the range of 1 to 10 Hz. Subjects were seated with upright posture with their feet and 
hands on the footrest and steering wheel that move together with the seat. Semi-rigid 
seat  that  conform  to  the  body  shape  was  used  with  detachable  half-backrest  (i.e., 
providing support for lumbar region) for fore-and-aft and without for vertical and lateral 
vibration.  40 
 
 
Figure 2.19 Mean equivalent comfort contours of sinusoidal and narrowband random 
vertical whole-body vibration (Donati et al., 1983). 
The  shape  of  the  mean  equivalent  comfort  contours  of  sinusoidal  and  narrowband 
random  were  broadly  similar  in  all  directions  with  slightly  lower  contours  (more 
sensitive)  of  the  latter  (Figure  2.19).  Subjects  were  more  sensitive  to  narrowband 
random  only  significantly  at  frequencies  below  6  Hz  by  approximately  1  dB,  and 
particularly of the vertical vibration by more than 2 dB. 
2.4.6.2  Multi-frequency vibration 
Fothergill  and  Griffin  (1977a)  conducted  a  series  of  experiments  to  find  a  suitable 
method  for  predicting  discomfort  of  multi-frequency  whole-body  vertical  vibration 
containing up to four sinusoidal components and predominant ‘beats’. This involved 
comparing three methods that were modelled based on direct linear sum (Equation 2.3), 
inhibition (Equation 2.4), and linear sum in proportion to the second power of each 
component or known as r.s.s. method (Equation 2.5). These equations describe the 
predictive discomfort (Et) calculated from these three respective methods. 
 
  Et = E1 + E2 + …. + En  Equation 2.3 41 
 
  Et = E1 + b1E2 + …. + bn-1En ; b is inhibition parameter  Equation 2.4 
  Et = (E1
2 + E2
2 + …. + En
2)
1/2    Equation 2.5  
In the first experiment, the discomfort of numerous dual-frequency vibrations containing 
no beats and their single -frequency components,  En  were  ‘measured’  by  means  of 
adjusting the level of 10 Hz sinusoidal vibration until it produced equivalent discomfort. 
They composed of 5 Hz at four levels (0, 0.35, 0.7 and 1.4 ms
-2 r.m.s.) and either 5, 
10.4, 20.4 or 40±1 Hz at 0.7 ms
-2 r.m.s. In the second experiment, using the same 
method,  the  discomforts  of  eighteen  dual-frequency  beating  vibrations  and  their 
eighteen single-frequency components (3, 11, 13, 14, …, 19, 21, 22, …, 27, 30 and 35 
Hz) were measured. These dual beating vibrations were produced by combining one of 
these single-frequency components with 20 Hz 0.7 ms
-2 r.m.s. vibration. Direct linear 
sum method consistently overestimated whilst the other two methods provided good 
prediction for dual-frequency with no beating vibrations and reasonably well for with 
beating (Figure 2.20).  
 
Figure  2.20  The  mean  levels  of  10  Hz  vibration  required  to  produce  equivalent 
discomfort to (i.e., measured discomfort level of) single-frequency motions at 0.7 ms
-2 
r.m.s. ( - - - ), and dual-frequency motions containing beats (
 ___ ). Compared to the 
predicted discomfort level of dual-frequency beating motions from inhibition (), and 
weighted root sums of squares (+) model (Fothergill and Griffin, 1977a). 42 
 
Both methods were tested further with quad-frequency vibration (5, 11, 23 and 35 Hz) 
at various levels in the final experiment. The inhibition model was expanded to two 
different  procedures,  assuming  each stimulus would  inhibit  the  response  of  weaker 
frequency component in the following manner: 
 
  Et = E1 + bE2 + b
2E3 + b
3E4    Equation 2.6 
  Et = E1 + b(E2 + E3 + E4) 
 
Equation 2.7 
Inhibition method expressed by Equation 2.7 consistently overestimated the discomfort. 
Difficulties  in  determining  the  inhibition  parameter  causing  the  prediction  using 
inhibition models was inconvenient. The third method was concluded as the more 
convenient and better accuracy in providing prediction on discomfort of multi-frequency 
with or without beatings. 
2.4.6.3  Multi-axis vibration 
Assessment  of  multi-axis  vibration  environment  can  be  extremely  complex  and 
cumbersome. The possible number of combination between the characteristics of the 
vibration in any one axis combined with others is indefinite. However, many studies 
reported  a rather  lesser  complex,  dual-axis  vibration  to  understand  the  measure of 
discomfort  of  multi-axis  environment  (Jacklin  and  Liddell,  1933;  Holloway  and 
Brumaghim, 1972; Leatherwood and Dempsey, 1976; Kirby  et al., 1977; Griffin and 
Whitham, 1977; Shoenberger, 1987 and 1988; Fairley and Griffin, 1988; Matsumoto et 
al., 2006) – see Table 2.2. 
 
 
 43 
 
Table 2.2 Sumary of studies of discomfort of combined axis whole-body vibration of seated persons. 
Year 
 
Researchers 
 
Location 
 
Axis 
 
Test condition 
 
Method 
 
Frequency 
range 
1972 
 
 
Holloway and 
Brumaghim 
 
Seat 
 
y, z, 
y+z 
 
Subjects seated on airline seat with armrests, seat belt, reclined 
backrest. Both feet on the floor. No visual cues 
Increased one component to the level of combined-axis 
vibration  rated as ‘objectionable’ 
 
0.2 – 7 Hz 
 
1976 
 
Leatherwood 
and Dempsey 
Seat/floor 
 
y+z 
 
Subjects seated on airline seat in PRQA (simulator configured 
resembling the aircraft interior). Reclined backrest 
Nine-point unipolar discomfort scale 
 
1 – 20 Hz 
 
1977  Kirby et al.  “  “  “  “  “ 
1977 
 
Griffin and 
Whitham 
 
Seat 
 
y+z 
 
Seated on rigid seat, upright posture, upper legs horizontal, lower 
legs vertical, non-vibrating footrest. No backrest 
Magnitude adjustment: Subjects adjusted the level of 
single-axis vibrations to produce similar discomfort to dual-
axis motions 
3.15 Hz 
 
1981 
 
Hansson and 
Wikström 
Seat 
 
x+y+z 
 
Real condition: summer and winter, smooth to difficult forest 
terrain, experienced male drivers on forestry machines 
Nine-point subjective rating scale  0.5 – 80 
Hz 
1987 
 
Shoenberger 
 
Seat 
 
y, z, 
y+z 
 
Subject secured on F105 seat by a lap and shoulder belt. The 
seat; stiff but comfortable with negligible effect on vibration 
transmission over 2 – 10 Hz 
Subjects adjusted the intensity of a sinusoid 5 Hz x-axis to 
match each of 36 vibration stimuli: 6 conditions (y-, z-, y+z 
with 0, 90,180 and 270 phase lag); 2 magnitudes (0.15, 
0.25 g rms); 3 frequencies 
3.2, 5, 8 
Hz 
 
1988 
 
Shoenberger 
 
Seat 
 
x, z, 
x+z 
 
Subject secured on F105 seat by a lap and shoulder belt. The 
seat; stiff but comfortable with negligible effect on vibration 
transmission over 2 – 10 Hz 
Subjects adjusted the intensity of a sinusoid 5 Hz y-axis to 
match each of 36 vibration stimuli: 6 conditions (x-, z-, x+z 
with 0, 90,180 and 270 phase lag); 2 magnitudes (0.15, 
0.25 g rms); 3 frequencies 
3.2, 5, 8 
Hz 
 
 
1988 
 
Fairley and 
Griffin 
Seat 
 
x+z 
 
Seated on rigid seat with upright posture, upper legs horizontal, 
lower legs vertical, non-vibrating footrest. No backrest 
Magnitude adjustment 
 
2.5 – 10 
Hz 
1990 
 
Mistrot et al. 
 
Seat 
 
x+z, 
y+z, 
x+y+z 
 
Lab: Subjects seated with backrest and feet vibration 
Field: experienced drivers drove lorries with habit of leaning 
against backrest while driving 
 
Lab: Subjects adjusted the level of test to match the 
sensation of the reference vibration 
Field: subjects rated the overall discomfort of test against 
reference ride according to a continuous scale (a line from 
low to high vibration discomfort) 
2, 3.15, 
6.3, 16 Hz 
 
 
 
2006 
 
 
Matsumoto et al 
 
. 
Seat 
 
x+z 
 
Subjects seated with no backrest and feet vibrated 
 
 
Magnitude estimation: 
15 subjects rated discomfort of dual-axis motions with 8 
different phase shift against dual-axis in-phase motion. All 
components at 0.7 ms
-2 rms 
2.5 to 8 Hz  
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Holloway and Brumaghim (1972) investigated the subjective responses to combined 
vertical  and  lateral  whole-body  vibration,  the  directions  with  which  people  find 
‘objectionable’ while travelling on the airplane. Objectionable was defined as a level of 
vibration that would adversely affect airline passengers such that they would try to 
avoid flying but not to the extent of never doing it again in the future. Subjects were 
required to adjust the level of one component in one axis whilst the other was fixed (at 
4 different levels) until they felt ‘objectionable’ about the vibration. The procedure was 
performed on varied vertical added to fixed lateral and vice versa. The stimuli were 
narrowband composed of two frequency components selected from 0.45, 1.5, 7.0 Hz 
and 0.45, 1.5, 4.0, 7.0 Hz. They found that increasing the level of vibration in lateral 
direction  would  generally  lead  to  lower  levels  of  vibration  required  in  the  vertical 
direction. In contrast, there was no clear trend in the level of vibration required in the 
lateral direction with increased level of vibration in the vertical direction. These findings 
agree with the first study on simultaneous vibration occurring in more than one axis 
(Jacklin and Liddell, 1933). There were acceptable limit for passenger ride comfort to 
the level of combined vertical and lateral vibration (Figure 2.21). However, the data is 
insufficient  for  developing  a  general  model  for  predicting  discomfort  of  multi-axis 
vibration environment. 
 
Figure 2.21 Acceptable limit to the level of combined vertical and lateral for passenger 
ride comfort. Test data included acceleration components at 0.45, 1.5, 4 and 7 Hz and 
normalised at 2 Hz (Holloway and Brumaghim, 1972). 45 
 
Leatherwood  and  Dempsey  (1976)  and  Kirby  et  al.  (1977)  reported,  in  a  more 
systematic  study,  the  effects  of  frequency  on  discomfort  of  combined  whole-body 
vertical and lateral vibration. With equal magnitude of both components (0.15g), the 
frequency of the first component was fixed at one frequency (10 frequencies from 1 to 
20 Hz), and the frequency of added component in the other axis was varied. Subjects 
were requested to rate the vibration according to a nine-point unipolar discomfort scale. 
There was no effect of frequency for combined fixed-frequency vertical with added 
lateral vibration (Figure 2.22a). The summation effects were evident where discomfort 
increased  with  added  lateral  component  regardless  of  the  frequency  involved.  In 
contrast, low-frequency lateral vibration (1 to 2 Hz) tended to dominate and mask the 
added vertical vibration of all frequencies (Figure 2.22b). 
 
Figure 2.22 Mean discomfort ratings (a) as a function of vertical frequency with added 
lateral frequency (b) as a function of lateral frequency with added vertical frequency 
(Leatherwood and Dempsey, 1976). 
(a) 
(b) 46 
 
Prompted  by  the  lack  of  predicting  method  in  earlier  studies,  Griffin  and  Whitham 
(1977) designed an experiment to provide information fundamental to the prediction of 
the discomfort of multi-axis vibration. They investigated discomfort of dual-axis whole-
body vibration composed of common frequency (i.e., 3.15 Hz) sinusoidal vertical and 
lateral vibration component at the seat without backrest. Subjects were requested to 
adjust the level of one of the two axes to produce similar discomfort to each of 7 levels 
(0.4, 0.52, 0.7, 1.0, 1.4 and 2.5 ms
-2 r.m.s.) of the other component in the other axis. In 
subsequent  session,  subjects  were  requested  to  adjust  the  levels  of  single-axis 
vibrations  to  produce  similar  discomfort  to  10  dual-axis  motions  (5  similar 
combinations in-phase and 90 out-of-phase: combined 0.7 ms
-2 r.m.s. vertical and 1.0 
ms
-2 r.m.s. lateral and vice versa, combined 0.7 ms
-2 r.m.s. vertical and 1.4 ms
-2 r.m.s. 
lateral and vice versa, and combined 1.0 ms
-2 r.m.s. of each component). Apart from 
being common in many transport system, 3.15 Hz was chosen because it is the only 
frequency  at  which  the  limit  for  vertical  and  horizontal  vibration  coincide  (ISO 
2631:1974, 1997). This made it convenient to work out the relative discomfort between 
single  and  dual-axis  motions.  It  appeared  that  the  effect  of  phase  was  small  and 
largely insignificant. The same levels of 3.15 Hz vertical and lateral vibration produced 
approximately similar degrees of discomfort which is parallel to the standards. The 
discomfort of dual-axis motions can be measured and predicted quite well from the 
levels  of  single-axis  component,  although  similar  observations  could  be  related  to 
findings from Leatherwood and Dempsey (1976) – Figure 2.22. From this information, 
they considered three prediction procedures (i.e. similar to those proposed for multi-
frequency  vibration  in  the  earlier  section).  Although  mathematical  procedure 
associated with the masking method (inhibition model) can be manipulated to give a 
better prediction, the root-sum-square method was favourable for providing generally 
good acceptable prediction and convenience of use. Shoenberger (1987) extended 
further  the  investigation  on  discomfort  of  combined  vertical  and  lateral  motions  for 
more phase shifts between the two axes, acceleration levels and frequencies (Table 
2.2). Two similar observations were recorded: no appreciable effect of phase angle 
and there was a summation effect of single-axis on discomfort of dual-axis motions.  
The r.s.s. procedure was also the best method for predicting discomfort of combined 
vertical and fore-and-aft whole-body vibration of seated person (Fairley and Griffin, 
1988;  Shoenberger,  1988;  Mistrot  et  al.,  1990).  However,  the  effect  of  phase  shift 
between the vertical and fore-and-aft component was significant (Shoenberger, 1988; 
Matsumoto et al., 2006). It seemed that diagonal motions from top-forward to bottom-
aft  of  either  translationally  (i.e.,  phase  between  the  two  axes  differed  by  180)  or 47 
 
elliptically (135 and 225) causing greater discomfort. Subjects seated with backrest 
felt  more  discomfort  with  these  motions  at  8  Hz  (Shoenberger),  and  when  seated 
without backrest felt more discomfort at low frequencies particularly at 4 and 5 Hz 
(Matsumoto et al.). The backrest may have provided support and maintained postural 
balance, hence less discomfort is felt at low-frequency of these motions but allowed 
the transmission of vibration particularly to the upper body at high frequencies. The 
findings  suggest  that  the  r.s.s.  procedure  merits  further  study  as  far  as  predicting 
discomfort of multi-axis environment with significant phase shifts between vertical and 
fore-and-aft component is concerned. In addition, the backrest should be taken into 
account according to its contrasting effects at low and high-frequency motions in the 
procedure.  
Hansson and Wikström (1981) is possibly one of the earlier studies if not the first on 
subjective  responses  to  combined  vertical,  lateral  and  fore-and-aft  axes  of  seated 
body. They assessed the real multi-axis vibration of the off-road forestry machines, 
and  found  the  discomfort  ratings  correlated  better  with  the  vibration  measurement 
when more than one vibration direction and wider frequency range were considered. 
The  square  root  of  the  sum  of  squares  (r.s.s.)  of  the  magnitudes  of  the  weighted 
vibration in each axis gave better prediction of the overall discomfort (Parsons and 
Griffin, 1983; Mistrot et al., 1990) 
2.4.6.4  Multi-input vibration 
Most of the studies on subjective responses to either single or multiple axis vibration of 
seated person did not consider vibration input at the back or feet despite contact with 
the vibrated backrest and footrest (Table 2.2). Parsons and Griffin (1983 – see Section 
2.5.2) took into account the effect of vibration input at the seat, the back and the feet 
into predicting vibration discomfort of real multi-axis vibration of car passengers. The 
r.s.s. procedure provided the best method and by taking all these inputs into account 
allowed for greater accuracy in the prediction of passenger ride comfort. 
2.4.7  Effect of static comfort/pressure distribution 
It is desirable to reduce the effect of vibration on discomfort. Compliant seating is one 
of  the  means  that  could  be  engineered  to  provide  useful  vibration  isolation  for 
improved  comfort,  and  often  used  in  real  transport  environment.  The  dynamic 
properties of the seat are governed by the mechanical properties of the foam or other 
material (e.g. stiffness, hardness, density) used for seat cushion.  48 
 
The  foam  may  alter  to  some  extent  the  pressure  distribution  beneath  the  ischial 
tuberosities and affect the static comfort (without vibration): less total pressure over an 
area of 4 cm x 4 cm measured beneath the ischial bones resulted in greater comfort 
(Ebe and Griffin, 2001). According to the authors, the pressure distribution may reflect 
the ‘bottoming feeling’ and ‘foam hardness feeling’ that constitute judgment on static 
comfort. These two static comfort factors were reflected by the stiffness (defined by 
the  gradient  of  force-deflection  curve  under  490  N  loading)  and  the  hardness 
(characteristics of the foam at relatively low forces) of the foam respectively. Foams of 
the same hardness but with lower stiffness were more comfortable than foams with 
greater  stiffness.  However,  foams  of  different  stiffness  and  hardness  gave  no 
difference in comfort. 
The level of comfort in static condition has bearing on the overall vibration discomfort 
in  dynamic  condition:  discomfort  was  dominated  by  the  static  seat  factors  when 
vibration magnitude was low and became increasingly dominated by dynamic factors, 
i.e. vibration dose value (VDV) with increasing vibration magnitudes (Ebe and Griffin, 
2000). The authors proposed a hypothetical model on overall discomfort from static 
and dynamic factors to illustrate their findings (Figure 2.23). 
 
Figure 2.23 Hypothetical model for overall seat discomfort (Ebe and Griffin, 2000). 49 
 
2.5  PREDICTING VIBRATION DISCOMFORT 
2.5.1  Introduction 
In the pursuit of finding a suitable method for predicting passenger ride comfort of a 
real and complex vehicle environment, several methods and equipment have been 
proposed and developed. Vibration is one of the most principal sources of discomfort 
of passenger in a vehicle environment. Vibration enters the body through every single 
points of contact between the body and the vehicle (e.g., seat, floor pan). However, it 
is practically impossible to measure the effect of each of this contact points. The best 
method  would  be  down  to  cost-effective,  convenience  and  practicality  without 
compromising  the  accuracy  in  the  measurement.  There  are  two  main  approaches 
aiming at providing the best method: regression model and identified variables. The 
former is a ‘one-off’ type of measurement where subjective ratings would normally be 
taken on a real situation. The regression equation between the subjective ratings and 
physical vibration measurement is derived for prediction of passenger comfort of that 
particular ride. The latter is based on assessment of variables affecting the vibration 
discomfort and will be reviewed further in this section. There are three major methods 
developed  based  on  some  underlying  assumptions:  the  most  dominant  or  worst 
component, inhibition, and summation effect. The first method is simply taking the only 
most  dominant  component  which,  on  the  basis  of  simplicity  and  convenience, 
assumed to have totally masked the effect of other weaker components (e.g. Jacklin 
and  Liddell,  1933).  The  method  based  on  inhibition  model  considers  the  most 
dominant  component  as  well  as  others  but  at  a  certain  reduced  proportion.  It  is 
assumed that the other components must have been masked to a certain degree by 
the  most  dominant  component,  attributed  to  hypothesised  inhibition  phenomenon 
(Miwa, 1968; Dempsey, 1974). The final method is based on summation effect of each 
component  to  the  overall  discomfort:  linear  sum  of  the  components,  linear  sum  in 
proportion to the second power or to the forth power of each component (Parsons and 
Griffin, 1983; Griffin, 1990). 
2.5.2  Method  for  predicting  passenger  vibration  discomfort  (ISVR, 
1983) 
Parsons and Griffin (1983) proposed nine alternative methods for predicting discomfort 
of seated passengers based on measurement of vehicle vibration and evaluation of 
discomfort  from  subjects  and  combined  effects  of  twelve  vibration  inputs:  three 
translational vibrations in x-, y- and z-axes of each at the seat, the back and the feet 
and three rotational vibrations in x-, y- and z- at the seat (Figure 2.24). All these twelve 50 
 
inputs were weighted and combined together to yield a single value that reflects the 
likely discomfort level of the ride (Figure 2.25). There were three weighting procedures 
proposed to take into account the effect of frequency of each of these vibration inputs 
(i.e.  weighted  maximum  frequency  level  (wmaxf),  weighted  root  mean  square  level 
(wrms),  and  weighted  root  mean  quad  level  (wrmq)).  Three  different  combining 
procedures were also proposed namely most severe component (MSC), root sums of 
squares (r.s.s.) and root sums of quads (r.s.q.) procedure. Nine possible combinations 
of  these  weightings  and  combining  procedures  made  up  the  nine  methods  for 
predicting passenger vibration discomfort. 
 
Figure  2.24 Twelve axes recommended by the standards for comfort evaluation of 
seated person (Parsons and Griffin, 1983). 
The efficiencies of each of these prediction methods were tested on site by comparing 
the  correlation  between  the  rank  order  of  predictive  discomfort  values  from  each 
method and the rank order of the subjective discomfort ratings. Eight subjects seated 
with comfortable upright posture on the front passenger seat of a car (with no seat belt 
fasten),  driven  onto  12  different  road  types  (from  smooth  to  rough  and  rural  to 
motorway driving) for different vibration input spectra. Twelve vibration inputs to the 
body  as  described  earlier  were  measured  by  means  of  appropriately  mounted 
accelerometers in between the body and the support. Subjects were requested to rate 51 
 
each of these 12 different rides by simply marking a point along a 100-mm line to 
reflect the discomfort based on 0 mm being little discomfort up to 100 mm being much 
discomfort. Similar procedure was repeated for each subject on 6 different cars with 
different seat designs. 
 
Figure  2.25  Parsons  and  Griffin  Model  (1983)  for  predicting  discomfort  of  seated 
passengers which later adopted in the current standards. 
There were 144 vibration acceleration power spectra in each car (12 input locations 
and 12 road conditions), weighted according to sensitivity to frequency and direction. 
The weighting factors used were based on individual equivalent comfort contours of 
each determined in the laboratory. In the first weighting procedure, the square-root of 
the maximum level of the weighted power spectra (wmaxf) was taken as the predictive 
discomfort value. The other two procedures were based on averaging method, where 
the weighted inverted Fourier transform of each input was averaged over exposure 
time by means of root-mean-square and root-mean-quad to give a weighted rms level 
(wrms) and weighted rmq level (wrmq) as a predictive discomfort value respectively. Thus, 
there were 12 predictive discomfort values for each road condition within weighting 
procedure to be summed up to give a single predictive value, an indicative of the ride 
comfort on that particular car/seat or road condition. 
Within  each  ride  (road  condition),  the  highest  among  the  12  predictive  discomfort 
values (i.e. the most severe component of the inputs), was simply taken in the MSC 
procedure as a single predictive discomfort value. On the other hand, the r.s.s. and 52 
 
r.s.q. procedure took account each contribution of these inputs. A single predictive 
discomfort value was calculated from the square root of the total sum of square of 
each of the 12 predictive values in the former and quad-root of the total sum of quad of 
those 12 values in the latter procedure. All these methods (combination of weighting 
and combining procedures), ultimately, made possible the comparison between ride 
comfort on different road conditions or different cars and seats. It is not known whether 
the effect of different locations as advocated in the present standards in a form of axis-
multiplying factor were employed. Nevertheless, from the correlation of final predictive 
discomfort  values  from  each  method  and  subjective  discomfort  ratings,  the 
combination of weighted r.m.s. or weighted r.m.q. or r.s.s. procedure was the most 
efficient for predicting passenger discomfort. 
2.5.3  Ride quality meter (NASA, 1985) 
The NASA Ride quality meter was portable hardware designed by NASA specifically to 
measure passenger ride comfort in real time (Figure 2.26). It is based on the ride 
comfort  model  they  developed  through  comprehensive  laboratory  studies  on 
subjective responses of more than 3000 subjects to single, combined-axis vibration 
and noise conducted over the span of 10 years (Dempsey, 1974; Leatherwood and 
Dempsey, 1976; Wood and Leatherwood, 1985). The equipment is capable of directly 
transforming the vibration and noise (beyond scope of this thesis) inputs into individual 
subjective units and combining (masking/summation) them up into a single objective 
ride comfort index in real time (Wood and Leatherwood, 1985). 
 
Figure  2.26  NASA  Ride  quality  meter  and  accelerometer  package  (Wood  and 
Leatherwood, 1985). 
The vehicle vibrations were measured in five axes (vertical, fore-and-aft, lateral, roll 
and pitch) by means of an accelerometer package placed onto the floor of the vehicle 53 
 
in close proximity to the seat mounting. The vibration accelerations were frequency-
weighted and appropriately combined to give a single index of passenger discomfort 
(Figure 2.27). It was reported the combining procedure was according to empirically 
determined relationships between subjective discomfort ratings and physical vibration 
measurement but was not specific. However, the position where the accelerometer 
package was placed does not permit acquisition of sufficient information for any design 
aspect of the vehicle or seat in particular to be improved. 
 
Figure 2.27 NASA Ride comfort model (Wood and Leatherwood, 1985). 
2.5.4  Ride comfort meter (Toyota Central R&D Laboratories, 1986) 
A portable ride comfort meter was developed to enable convenient measurement of 
ride comfort of a passenger on board (Kozawa et al., 1986). The underlying principle 
of predicting discomfort employed in this equipment was similar to that of the current 
standards  but  with  fewer  input  locations.  Only  3  vibration  inputs  were  taken  into 
account  as  opposed  to  12  inputs  suggested  in  the  current  standards  (i.e.  vertical 
vibration at the seat, lateral vibration at the back and vertical vibration at the feet) 
(Figure  2.28)  –  based  on  their  significant  effect  on  ride  comfort  shown  in  the 
experimental  investigations.  They  were  weighted  and  combined  to  yield  a  single 
comfort indicative value called ‘VN’ (Vibration Number). 54 
 
 
Figure 2.28 Simplified schematic block diagram of the ride comfort meter (Kozawa et 
al., 1986). 
The  weighting  filters  used  were  based  on  experimental  findings  on  the  sensitivity 
(discomfort)  of  seated  person  on  a  compliance  seat  (at  an  unspecified  angle  of 
reclined backrest) to frequency, direction and combined-axis of whole-body vibration 
measured  at  the  seat,  the  back  and  the  feet.  The  effects  of  vertical  whole-body 
vibration on discomfort of the seat and the feet were significant in the region of 4 to 8 
Hz and 8 to 16 Hz respectively, which is broadly similar with the weighting factor of 
unity  of  the  corresponding  frequency  weighting,  Wb (between  5  and  16  Hz)  in  the 
current standard. However, the effect of added lateral back vibration was significant 
between 8 and 16 Hz, and for unknown reason different from the factor of unity of the 
corresponding frequency weighting, Wd (below 2 Hz). Apart from that, the frequencies 
below 8 Hz for vertical feet and lateral back were cut off, and frequencies above 16 Hz 
were attenuated through a filter of decay at -6 dB per octave. 
    VN = 18 log10(k110a1 + k210
a2 + k310
a3) – 20  Equation 2.8 
The combining procedure is somehow not entirely similar to the current standard with 
undisclosed axis multiplying factors (k) as shown in Equation 2.8. Nevertheless, it was 
reported  that  the  VN  were  strongly  correlated  with  the  discomfort  ratings  in  both 
experiments  they  conducted  on  twelve  subjects  seated  on  different  cars  and  in  a 
similar car but different vibration input spectra. 
2.5.5  Current standardised procedure 
The current standards for predicting discomfort (BS 6841:1987; ISO 2631:1-1997) has 
gone through evolution with the passage of improved knowledge acquired since the 55 
 
preparation commenced around 1966 (Griffin, 1998). The underlying principle of the 
current standards for predicting discomfort of seated people was largely based on a 
method  proposed  by  Parsons  and Griffin  (1983)  –  see  Section  2.5.2.  The method 
involves  measurement,  evaluation  and  assessment  of  vibration  at  source,  and 
subsequently provides prediction on the likely discomfort from the exposure.  
2.5.5.1  Measurement 
The  first  step,  to  acquire  vibration  acceleration  at  three  different  input  locations  at 
which the body is in contact with the source of vibration (i.e. the seat, back and feet for 
seated people). Vibration should be measured at the interface with the body according 
to a basicentric system (with respect to the body and not the global coordinate system). 
It may not be practical to measure acceleration at each point of contact of the body 
with the supporting surface. As indicated in Note 2 in British Standard BS 6841:1987, 
the measurement can be made at the position with greatest effective vibration. 
NOTE  2  The  principal  areas  of  contact  between  the  body  and  a 
vibrating  surface  may  not  always  be  self  evident.  Clauses  in  this 
standard define three principal areas for seated persons: the supporting 
seat  surface,  the  seat-back  and  the  feet.  Measurements  on  the 
supporting seat surface should be made beneath the ischial tuberosities. 
Measurements on the seat-back should be made at the position with the 
greatest effective vibration in contact with the body. Measurements at 
the feet should be made on the surface on which the feet are most often 
supported.  Similar  approaches  should  be  used  for  other  axes.  In  all 
cases the method of measurement should be fully reported. (page 3) 
Principal  areas  for  measuring  acceleration  at  the  back  can  be  complex.  Recent 
research  has  shown  the  contact  location  and  area  may  affect  the  sensitivity  to 
frequency of fore-and-aft vibration, hence using the frequency weighting Wc later in the 
evaluation may not be appropriate if the contact location changes (Morioka and Griffin, 
2010 – see Section 2.6.3).  
In real environment, people tend to sit with inclined backrest. It is quoted in the BS 
6841 standard: 
“In  many  situations  it  is  not  feasible  to  obtain  precise  alignment  of 
vibration transducers with the preferred basicentric axes. The sensitive 
axes of transducers may deviate from the preferred axes by up to 20 56 
 
degrees*  where  necessary.  Where  a  person  is  seated  on  an  inclined 
seat the relevant orientation should be determined by the axes of the 
body and the z-axis may not be vertical.” (page 3) 
*  or 15 degree according to International Standard ISO 2631-1:1997. 
(page 4) 
There is no indication on different treatment should be taken for inclined backrests.  
The same frequency weightings and multiplying factors should be applied regardless 
of differences may be chosen for inclination of the backrest. For fully reclined backrest 
(horizontal support for the back), i.e. recumbent people, the standards provisionally 
advocate the measurement should be taken at the principal surface of the supporting 
body and single frequency weighting is to be used for each direction. 
NOTE 3 For recumbent people it is provisionally recommended that the 
following weightings should be used: 
vertical vibration of supporting surface Wb 
horizontal vibration of supporting surface Wd 
(page 13) 
There is evidence of the unsuitability of using Wc for evaluating fore-and-aft vibration of 
the back for people seated with the backrest inclined at 20 and 40 from vertical (Kato 
and  Hanai,  1998)  –  see  Section  2.6.4.  The  dearth  of  knowledge  of  the  effect  of 
backrest inclination on vibration discomfort has cast doubt over the use of the same 
frequency weightings and multiplying factors for each input location and direction for 
seated people with inclined backrest. There is also doubt over the adequacy for basing 
only on single point measurement for predicting discomfort of recumbent people. 
2.5.5.2  Evaluation 
Useful evaluation of acquired vibration acceleration requires knowledge of sensitivity 
to the frequency and the direction of the vibration at different input locations. A series 
of frequency weightings has been developed based on sensitivity to frequency and 
direction  of  vibration  at  the  seat,  the  back  and  the  feet  gathered  from  laboratory 
research and field surveys (Section 2.4 and Figure 2.29).  57 
 
 
Figure 2.29 Some of realisable frequency weightings advocated in British Standard 
BS 6841:1987 and International Standard ISO 2631-1:1997 related to evaluation of 
discomfort for seated and recumbent person. 
The  standards  advocate  the  use  of  the  root-mean-square  (r.m.s.)  value  of  the 
frequency-weighted acceleration, for evaluating discomfort arising from each input: 
      [
 
 ∫   
  ( )
 
    ]
 
          Equation 2.9 
However,  the  r.m.s.  method  underestimates  discomfort  arising  from  vibration 
containing occasional shocks or intermittent vibration with high crest factor (the ratio of 
maximum peak to r.m.s. value). For crest factor exceeds 6.0 (BS 6841, 1987) or 9.0 
(ISO 2631-1, 1997), the use of root-mean-quad (r.m.q.) method is recommended: 
      [
 
 ∫   
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    ]
 
           Equation 2.10 58 
 
Where T is the duration of measurement and minimum of 60 seconds is required for 
r.m.q. method. However, the vibration dose value (VDV) method is preferred if the 
exposure consists of high and low vibration over a variable period of time. The VDV 
method is advantages in providing possible comparison on discomfort produced by 
two events of different durations.  
      [∫   
  ( )
 
    ]
 
           Equation 2.11 
(These types of vibrations are beyond the scope of the thesis and therefore studies 
related to the formulation of the method are not reviewed.) 
For multi-axis vibration environment, the standard advocates the root sums of squares, 
  should be calculated from the weighted values in each axis calculated as in 2.5.5.1 
at each point: 
    [     
         
         
  ]
 
       Equation 2.12 
A multiplying factor, k is applied to take into account relative sensitivities of each input 
location and direction (Table 2.3). Multiplying factors have been formulated based on 
research on relative sensitivity of each input location so as to appropriately apportion 
the contribution of each input to overall discomfort (Section 2.4.4).   
Table 2.3 Frequency weightings and axis multiplying factors for predicting disomfort 
advocated by the BS 6841: 1987. In brackets shows the difference with ISO 2631-
1:1997 standard. 
Input location  Axis  Frequency weighting  Multiplying factor 
Seat  X  Wd  1.0 
  Y  Wd  1.0 
  Z  Wb (Wk)  1.0 
Back  X  Wc  0.8 
  Y  Wd  0.5 
  Z  Wd  0.4 
Feet  X  Wb (Wk)  0.25 
  Y  Wb (Wk)  0.25 
  Z  Wb (Wk)  0.4 
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There is evidence of a summation effect of dual-axis and multi-axis vibration measured 
at the floor (or the seat) on discomfort. The r.s.s. summation method is preferred for 
providing  better  prediction  over  other  methods  (e.g.  linear  summation  or  greatest 
component; see Section 2.4.6).  
For conditions where vibration source can be in contact with the body at more than 
one  point,  the  r.s.s.  value  should  be  determined  at  each  point  and  compared 
separately. However, a special provision is given for seated people as stated in Note 2 
in Clause 6 of the British Standard BS 6841:1987. 
NOTE 2 For a seated person an overall value may be determined from 
the root sums of squares of the four vector sums (i.e. translation and 
rotation on the seat and translation at the back and feet). (page 13) 
 
The procedure subsequently yields a single value which is termed the ‘overall 
ride value’. 
2.5.5.3  Assessment 
The assessment in the standards serves two principal purposes (i.e.  two conclusions 
can be drawn from overall ride values obtained in the evaluation), as stated in Clause 
C.2.1.3: 
a)  the provision of a defined objective method of comparing the 
discomfort due to vibration in different situations; and 
b)  the provision of a unit which may be used to set specifications for 
particular systems. 
(page 21) 
 
The limiting acceptable values may differ with the environment and depend on many 
factors.  However, guidance  is  provided  to  indicate  the  approximate  likely  reactions 
from the overall ride values (Table 2.4). 
Table  2.4  Approximate  indications  of  the  likely  reactions  to  various  magnitudes  of 
frequency-weighted r.m.s. acceleration (BS 6841, 1987; ISO 2631-1, 1997). 
Frequency weighted r.m.s.  Likely reactions 
Less than 0.315 ms
-2   not uncomfortable 
0.315 – 0.63 ms
-2  a little uncomfortable 
0.5 – 1.0 ms
-2   fairly uncomfortable 
0.8 – 1.6 ms
-2   uncomfortable 
1.25 – 2.5 ms
-2   very uncomfortable 
Greater than 2.0 ms
-2   extremely uncomfortable 60 
 
2.5.6  Measuring seat comfort: SEAT procedure 
The SEAT (Seat Effective Amplitude Transmissibility) procedure was first introduced in 
1978 (Griffin, 1978) and tested (Corbridge, 1987;  Corbridge and Griffin, 1989) and 
published (Griffin, 1990) before being adopted in ISO 10326-1 (1992) and ISO 7096 
(2000). Unlike the equipment or methods mentioned earlier for predicting passenger 
ride comfort, this procedure is geared towards providing a means for the objective 
measurement of the influence of a seat on ride comfort. It provides an index (in terms 
of  percentage)  of  how  much  a  seat  effectively  reduces  vibration  discomfort  for  a 
certain ride. This is achieved with appropriate weighting of the seat transmissibility 
function  according  to  the  human  sensitivity  to  frequency,  direction  and  location  of 
vibration.  The  measurement  is  usually  done  at  the  seat  cushion  (seat  pan)  as 
recommended  in  the  standards,  where  the  weighted  vibration  acceleration  power 
spectra  at  the  seat  cushion  is  compared  with  the  weighted  vibration  acceleration 
power spectra at the floor (Equation 2.13). It is a comparable feeling of discomfort 
between sitting on the seat cushion and on the floor. The feeling of lesser discomfort 
on the seat cushion than on the floor would apparently be indicated by lower SEAT 
index and vice versa.  
    SEAT (%)   [
∫   ( )  
 ( )  
∫   ( )  
 ( )  ]
 
  ⁄
x 100  Equation 2.13 
 
The function of a seat is not limited to providing support to the pelvis but support to the 
back as well. A complete measurement of ride comfort   of a seat should therefore 
include the seat backrest. The SEAT procedure, with suitable weightings (taking into 
account the backrest angle), can provide an index to how well a seat backrest is able 
to effectively reduce the discomfort. Together with the i ndex for the seat cushion, a 
complete measurement of ride comfort of the seat for a certain ride can be achieved, 
thus providing sufficient information for optimising the dynamic performance of a seat 
backrest and seat pan as a whole package. 
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2.6  CHALLENGES  TO  THE  METRICS  (FREQUENCY  WEIGHTINGS, 
MULTIPLYING FACTORS) IN THE STANDARDS 
2.6.1  Introduction 
Since the publication of the most recent relevant standards (i.e. after 1997), a lot more 
research has been conducted to bring about advanced understanding of subjective 
responses to vibration. Some of these new findings shed some light on the inherent 
complexity of  discomfort and the many variables affecting it  –  leading to important 
questions as to the suitability of the weightings in the standards for evaluating vibration 
for predicting discomfort.  
2.6.2  Effect of vibration magnitude 
It has been assumed the effect of frequency on discomfort with vibration at the seat, 
the back, or the feet in each orthogonal direction are linear: the effect of each vibration 
input  increases  in  linear  proportion  to  an  increase  in  vibration  magnitude.  The 
standards therefore advocate a single frequency weighting for evaluating vibration at 
each input location and direction at all vibration magnitudes. 
Matsumoto  and  Griffin  (2005)  determined  subjective  and  biodynamic  responses  of 
seated people to vertical vibration in the same study over the frequency range 3.15 to 
8 Hz for vibration magnitudes from 0.5 to 2.0 ms
-2 r.m.s. They reported two important 
findings:  discomfort  and  driving-point  dynamic  responses  (apparent  mass  and 
mechanical  impedance,  i.e.  ratio  of  force  to  acceleration  and  velocity  respectively, 
measured at the seat surface) at 3.15 and 4 Hz were correlated and influenced by the 
vibration magnitude in a similar manner. The frequencies associated with the principal 
resonance of the body and greatest discomfort decreased with increasing vibration 
magnitude.  The  nonlinearities  in  discomfort  caused  by  vertical  vibration  within  this 
frequency  range  is  evident,  thus  a  suitable  adjustment  in  the  current  method  is 
necessary for predicting discomfort over a range of vibration magnitudes. 
Morioka and Griffin conducted four different experiments over the span of 5 years to 
investigate the magnitude-dependence of equivalent comfort contours for vibration at 
the seat (2006), the back (2010a), the feet (2010b) and the hand (2009). The studies 
were conducted for a wide range of vibration magnitudes at discrete frequencies to 
allow analysis of the suitability of the corresponding frequency weightings advocated in 
the  standards  for  each  frequency  and  a  wider  range  of  vibration  magnitudes.  The 
findings for the hand and the feet are beyond the scope of this thesis and therefore are 62 
 
not reviewed. The studies employed magnitude estimation method to determine the 
rates  of  growth  of  discomfort  at  each  frequency  which  then  used  to  derive  the 
equivalent comfort contours. 
For seat vibration, the effect of vibration magnitude was determined from equivalent 
comfort contours for the vertical, fore-and-aft and lateral directions, for magnitudes 
from  slightly  above  thresholds  up  to  slightly  above  20  ms
-2  r.m.s.  (depending  on 
frequency and direction) and frequencies from 2 to 315 Hz (Morioka and Griffin, 2006). 
Ten subjects participated and a contoured wooden seat was used without backrest. 
The seat was designed to have a reasonably comfortable pressure distribution at the 
buttocks with no thigh contact. The rates of growth of discomfort for all directions were 
strongly  dependent  on  the  frequency  of  vibration,  which  resulted  in  a  magnitude-
dependence of equivalent comfort contours for seat vibration in all three directions.  
The manner  in  which  the frequency  of greatest  discomfort  caused  by vertical  seat 
vibration  reduced  with  increasing  vibration  magnitude  is  consistent  with  a  reported 
nonlinearity in resonance frequencies in the vertical apparent mass of the human body 
(e.g. Fairley and Griffin, 1989). From a comparison between the equivalent comfort 
contours  and  the  Wb  weighting  (Figure  2.30a),  it  seems  that  the  Wb  weighting  is 
suitable  for  evaluating  the  effect  of  frequency  of  intermediate  magnitudes  but 
overestimates  low  magnitude  excitation  at  frequencies  between  8  or  10  Hz  and 
underestimate at frequencies greater than 30 Hz. 63 
 
 
Figure  2.30 Effect of vibration magnitude: (a) vertical seat vibration (b) lateral seat 
vibration, (c) fore-and-aft seat vibration (Morioka and Griffin, 2006). 64 
 
For  fore-and-aft  seat  vibration,  the  contours  at  low  magnitudes  indicate  the 
frequencies of greatest discomfort were around 2 to 6.3 Hz. The contours within this 
frequency  range  change  noticeably  in  shape  across  the  magnitude  range  (Figure 
2.30c).  Greater  discomfort  at  low  frequencies  was  reported  largely  due  to  relative 
motion between the moving seat pan and stationary footrest used in the study. It was 
not practically possible to determine at which frequency the relative motion started to 
give rise in sensitivity to fore-and-aft motion of the seat pan. Therefore, evaluating 
fore-and-aft seat vibration in real transport environment requires careful consideration. 
The Wd weighting seems to underestimate lower magnitude range of fore-and-aft and 
lateral seat vibration at frequencies greater than 30 Hz similar to  Wb weighting for 
vertical seat vibration mentioned in the preceding section. 
Morioka and Griffin (2010a) have reported a magnitude-dependence in the equivalent 
comfort  contours  for  fore-and-aft  vibration  of  the  back,  particularly  at  frequencies 
between  3  and  8  Hz  (Figure  2.31). This  is  consistent  with  the frequency  range  of 
nonlinearity in the fore-and-aft apparent mass of the back with vibration magnitude 
(Abdul Jalil and Griffin, 2008). The contours reflect decrease in frequency of greatest 
discomfort with increasing magnitude of vibration at this frequency range. Thus, the Wc 
weighting recommended in the standards may not be appropriate for evaluating all 
magnitudes of fore-and-aft vibration of the back.  
 
Figure  2.31  Effect  of  vibration  magnitude  on  fore-and-aft  back  vibration  with  full 
backrest contact (Morioka and Griffin, 2010a). 65 
 
There is an indication of greater discomfort of low magnitude excitations at frequencies 
greater than 30 Hz than predicted using recommended frequency weightings for seat 
vibration in all directions (Figure 2.30) and fore-and-aft vibration of the back (Figure 
2.31). 
Implication  for  the  standards:  The  frequency  weightings  (Wb,  Wc,  Wd)  in  the 
standard may only provide optimum prediction on discomfort over a certain range of 
vibration magnitudes. 
2.6.3  Effect of contact conditions: for backrest vibration 
For  seat  vibration,  the  most  effective  location  is  the  area  beneath  the  ischial 
tuberosities. However, for backrest vibration, the location is not that obvious. In the 
same study reviewed earlier, Morioka and Griffin (2010a) also investigated the effect 
of  contact  location  and  contact  area  with  fore-and-aft  back  vibration.  Using  two 
electrodynamic vibrators, one attached with a flat rigid wooden full backrest (650 mm 
height) and the other with full backrest and smaller wooden blocks (125 mm in height) 
attached at three different locations (i.e. at the top, middle and bottom of the backrest), 
they  were  able  to  determine  equivalent  comfort  contours  for  different  backrest 
condition and the relative discomfort between backrest conditions. With subjects sitting 
with their back leaning against the smaller block attached to the top of the backrest, 
the equivalent comfort contour for the upper back can be determined. Similarly with 
the middle back and lower back. By also combining two smaller blocks, equivalent 
comfort contour for three different contact areas (with 125, 250 and 650 mm height) 
can  also  be  determined.  The  magnitude  estimation  method  was  employed  with 
reference  vibration  0.315  ms
-2  r.m.s  at  10  Hz  with  full  backrest.  There  were  three 
important effects of contact location reported: (i) there was a quite systematic increase 
in frequencies of greatest discomfort with decreasing height of contact location, from 
around 4 Hz with the upper back to 8 Hz with the lower back, (ii) consistently greater 
discomfort with upper back than with middle or lower back at frequencies between 3 
and 31.5 Hz, (iii) greater discomfort with lower back than with other input locations at 
high frequencies above 31.5 Hz. (Figure 2.32). 66 
 
 
Figure  2.32  Median  equivalent  comfort  contours for four  different  backrest  contact 
conditions: contact with upper, middle and lower back, and full backrest. The contours 
indicate  the median  vibration  acceleration  required  with  each  backrest condition  to 
produce similar discomfort of the reference condition (i.e. 0.315 ms
-2 r.m.s 10 Hz with 
full backrest). Inverted Wc weighting which was developed based on a study with full 
backrest is overlaid for comparison. 
The trend for an Increase in the frequencies of greatest discomfort with decreasing 
height of contact is similar to the trend for an increase in resonance frequencies of the 
fore-and-aft apparent mass of the back with decreasing height of contact, between 4 
and 5 Hz with the upper back and between 5 and 8 Hz with the lower back (Abdul Jalil 
and Griffin, 2008). 
For fore-and-aft backrest vibration, contact with the upper back might have caused 
greater vibration transmitted to the head; causing greater head motion than contact 
with the middle or lower back. With fore-and-aft vibration, Paddan and Griffin (1988b) 
reported a significant increase in head motion at frequencies between 1 and 2 Hz and 
between 6 and 10 Hz (Section 2.4.4.2, Figure 2.14) with the presence of a full backrest. 
This may provide an explanation for the greater discomfort with upper back excitation 67 
 
between 3 and 31.5 Hz. Greater discomfort with the lower back at high frequencies 
might be due to increased contact force. 
The effect of contact area was not as clear. It seems that an increase in the area of 
contact  did  not  change  the  frequency-dependence  of  discomfort.  However,  it  was 
reported that the frequency dependence with the upper back was similar to that with 
the full backrest contact. 
Implication for the standards: Measurement on acceleration of fore-and-aft vibration 
at the back requires attention to the right location for the transducer. Evaluation on 
wrongly acquired acceleration using Wc weighting may not provide accurate prediction 
of discomfort. 
2.6.4  Effect of backrest inclination 
Although sitting with an inclined backrest is common in real transport environments, 
only a handful of studies can be found looking at the effect of backrest inclination on 
discomfort.  Earlier  work  by  Harrah  and  Shoenberger  (1981)  showed  location  of 
vibration-induced discomfort changed across body region with backrest angle. They 
conducted three experiments for three different types of vertical whole-body vibration 
(i.e. sinusoidal (at 2, 5, 15 Hz at 2.94 ms
-2 r.m.s.), sum-of-sinusoidal (combined 2, 3.3, 
5, 7 and 10 Hz at two levels, 1.47 and 2.94 ms
-2 r.m.s.), and broadband random (2 to 
10 Hz at two levels, 1.47 and 2.45 ms
-2 r.m.s.)). Each vibration exposure lasted for 40 
seconds. Subjects sat on aluminium seat with five different backrest inclinations: 13, 
18, 30, 45 and 65 from vertical. Their arms, legs and foot were supported by a rigid 
structure and their heads were supported by a vertical padded-headrest. They were 
requested to rate discomfort of each of 34 body regions in the body map according to 
10-point discomfort rating scale from 0 (no discomfort) to 10 (severe discomfort) after 
presentation of each exposure. With small inclination angles (nearly seated upright), 
the discomfort was often associated with the stomach, abdomen and head. With larger 
inclinations (more horizontal), the location of discomfort changed to more in the upper 
back, neck and sacral region. From total body response, discomfort was the least at all 
frequencies with backrest inclined at 30 (Figure 2.33). There were consistent trends 
of  greatest  discomfort  at  5  Hz  with  all  backrest  inclinations  except  with  backrest 
inclined at 30 and 45. There was almost no effect of frequency with backrest inclined 
at 45. 68 
 
 
Figure 2.33 Calculated total body ratings for different backrest inclinations based on 
10-point  scale  from  0  (No  discomfort)  to  10  (Severe  discomfort)  (Harrah  and 
Shoenberger, 1981). 
The effect of backrest inclination on frequency dependence of discomfort of whole-
body vertical vibration was also investigated by Arrowsmith et al. (2005).  Based on 
normalised  response,  discomfort  was  greater  with  an  upright  backrest  at  all 
frequencies  except  at  8  Hz  (Figure  2.34).  There  were  similar  trends  of  greater 
discomfort  with  all  inclined  backrests  than  with  an  upright  backrest  at  8  Hz.  Also, 
similar trend of less discomfort with inclined backrests than with upright backrest at 
high frequencies above 16 Hz and low frequencies below 8 Hz. However, it is not clear 
to the author how the normalised response was calculated. 69 
 
 
Figure 2.34 Median normalised response to sinusoidal whole-body vertical vibration at 
constant acceleration of 2 ms
-2 r.m.s. for each frequency with four backrest inclinations. 
Higher value of median normalised response indicates greater discomfort (Arrowsmith 
et al., 2005). 
The findings from these two studies provide useful information on important aspects of 
backrest inclination on vibration discomfort. However, inconsistencies in the findings 
raise  the  need  for  better  understanding  particularly  the  measure  of  the  effect  of 
frequency  on  discomfort  with  inclined  backrests  to  allow  a  prediction  model  to  be 
developed.   
Kato  and  Hanai  (1998)  conducted  a  study  to  determine  the  effect  of  backrest 
inclination  on  the  frequency-dependence  of  equivalent  comfort  contours  for  x-axis 
vibration  of  the  back  (normal  to  the  back).  Using  the  method  of  adjustment,  18 
subjects  (13  male,  5  female)  were  required  to  determine  accelerations  of  x-axis 
vibration of the back required at each frequency to produce similar discomfort to 0.25 
ms
-2 r.m.s. 10 Hz with upright backrest (0) and inclined backrests (at 20 and 40 from 
vertical).  Although  a  lower  magnitude  of  reference  was  used,  the  shape  of  the 70 
 
equivalent comfort contours with upright backrest (0) consistent with the contours of 
Parsons  et  al.  (1982),  and  the  inverted  Wc  weighting  (Figure  2.35).  Vibration 
accelerations required with both inclined backrests were not significantly different at all 
frequencies. However, about 40 to 50% vibration acceleration required with inclined 
backrest to produce similar discomfort with upright backrest at all frequencies above 8 
Hz, indicating 40 to 50 % increase in discomfort with inclined backrests. There is also 
a noticeable trend for a decrease in discomfort with increased backrest inclination at 
low frequencies below about 8 Hz. 
 
Figure  2.35 Mean equivalent comfort contours for x-axis vibration of the back with 
upright  backrest  (0),  and  inclined  backrests  (20  and  40).  The  contours  indicate 
vibration  acceleration  required  with  each  backrest  condition  to  produce  similar 
discomfort of 0.25 ms
-2 r.m.s. at 10 Hz (Kato and Hanai, 1998). 
Implication for the standards: Frequency weightings involved in evaluating vibration 
exposure of seated peopled may be expected to produce inaccuracies for  inclined 
backrests. Using the Wc weighting for evaluating x-axis vibration of the back can be 
expected  to  underestimate  discomfort  at  frequencies  greater  than  8  Hz  for  seated 
people with inclined backrests. 71 
 
2.6.5  Effect of phase  
The  effect  on  discomfort  arising  from  two  different  types  of  phase  lag  has  been 
reported: the phase between motions at two input locations (Jang and Griffin, 1999; 
2000) and the phase between multiple directions of a motion (e.g. Matsumoto et al., 
2006 – See Section 2.4.6.3). 
Jang and Griffin (1999) reported a significant effect of phase difference between the 
vertical motion at the seat and the feet at 4 Hz. To achieve that, two electrodynamic 
vibrators  were  used  to  provide  motion  at  the  seat  and  the  feet.  The  effect  was 
measured with two different sitting postures (with and without thigh contact with the 
seat) and at five acceleration levels (from 0.25 to 1.6 ms
-2 r.m.s.). The effect of phase 
was pertinent particularly at low magnitudes (up to 0.63 ms
-2 r.m.s.) and with thigh 
contact: discomfort increased with increasing phase difference between the seat and 
the feet, and no change in discomfort with increasing phase with accelerations greater 
than  0.63  ms
-2  r.m.s.  The  rate  of  growth  of  discomfort  with  increasing  vibration 
magnitude was clearly higher with thigh contact (1.48) than without the thigh contact 
(1.24) and decreased (to 1.0) with increasing phase difference. 
The same authors conducted another studies to look at the effect of phase between 
the seat and feet at other frequencies, i.e. 2.5, 3.15, 4, 5 and 6.3 Hz (Jang and Griffin, 
2000). The same sitting postures and range of acceleration as in the previous study 
were used. The effect of phase difference was more pronounced at lower frequency 
(up to  4  Hz)  and  lower  magnitude  of  vibration  (up  to  0.63 ms
-2  r.m.s.). The  effect 
became less at higher frequencies. It was concluded that the discomfort arising from 
greater sensitivity to vibration magnitude in lower frequency range is caused by larger 
displacement  between  the  seat  and  feet.  The  judgement  on  discomfort  at  low 
magnitude was largely influenced by the relative motion between the upper legs and 
hips whereas at high magnitudes it was influenced by discomfort in the torso of the 
body. 
Implication  for  the  standards:  The  frequency  weighting  for  the  seat  and  feet  in 
evaluating vertical whole-body vibration was developed largely based on experimental 
studies of responses to in-phase motion of the seat and footrest. Therefore similar 
overall ride values (Section 2.5.5.3) obtained for two similar sitting conditions but with 
different  phase  lags  between  the  motion  of  the  seat  and  feet  (particularly  at  low 
vibration magnitude) cannot be taken as indication of similar discomfort. The effect of 
phase between the seat and feet requires consideration in the model for predicting 
overall vibration discomfort. 72 
 
2.7  CONCLUSIONS     
One  of  the  breakthrough  findings  in  psychophysics  research  is  the  power  function 
relating objective measures of physical stimuli to subjective sensations they produce. 
Since then, much research has been focused on advancing knowledge of vibration 
discomfort, an important source of ride quality of transport vehicles, in the pursuit of 
developing reliable objective methods of predicting vibration discomfort. The frequency 
weighting technique has emerged and accepted by the international community as a 
useful metric for evaluating vibration discomfort (ISO 2631, 1997; BS 6841, 1987) and 
seat testing (ISO 10326-1, 1992; ISO 7096, 2000). The frequency weightings have 
evolved from improved understanding on significant effect of direction, input location, 
and  body  orientation  on  the  frequency-dependence  of  equivalent  comfort  contours 
(ISO 2631, 1974; 1983; 1997; BS 6841:1987). They were developed based on studies 
of  equivalent  comfort  contours  for  seated  people  with  upright  backrests  or  without 
backrest (Section 2.4). It has been assumed these weightings are also applicable for 
evaluating vibration exposure for people seated with inclined backrests (Section 2.5.5). 
There have been studies reported on significant effect of reclining the backrest on 
vibration discomfort (Section 2.6.4). Harrah and Shoenberger (1981) reported change 
in the location of discomfort from mostly in the abdomen or stomach and head with 
less inclination (i.e. more upright) to area around the sacral, upper back and neck with 
greater inclination of the backrest when exposed to whole-body vertical vibration. Kato 
and Hanai (1998) reported about 40 to 50% less vibration acceleration is required (i.e. 
greater discomfort) with a backrest inclined at 20 and 40 than with upright backrest 
(0) to cause similar discomfort at frequencies greater than 8 Hz with x-axis vibration 
of the backrest. Arrowsmith et al. (2005) reported discomfort caused by whole-body 
vertical vibration was the least with backrest inclined at 22.5 from vertical at almost all 
frequencies  between  2  and  64  Hz.  However,  it  is  still  not  clear  how  reclining  the 
backrest would change the frequency dependence of discomfort of whole-body vertical 
vibration.  How  discomfort  arising  from  different  vibration  input  location,  e.g.  at  the 
backrest or the seat pan or the footrest, would change with backrest inclination. 
The limited knowledge of the discomfort of relined seated people pose fundamental 
questions  as  to  the  suitability  of  the  current  model  in  the  standard  (frequency 
weightings, multiplying factors, r.s.s. summation method – Section 2.5.5) for predicting 
the discomfort of people sitting with an inclined backrest. It is not clear whether the 
change in the frequency sensitivity to vibration at the seat, the back, and the feet for 
different  sitting  postures  adopted  with  change  in  the  angle  of  backrest  inclination. 73 
 
There is an indication of a change in the location of discomfort with a change in the 
inclination of the backrest. Also, there is a change in resonance frequencies of the 
body  with  a  change  in  the  inclination  of  a  backrest.  Therefore,  it  is  expected  that 
sensitivity to vibration at the seat, back, and feet would also change with backrest 
inclination.  Further  study  is  required  to  investigate  subjective  responses  to  the 
frequency, direction, magnitude of vibration at each of these input locations (i.e. the 
seat, back and feet) to allow the development of suitable metrics for predicting the 
discomfort of seated people with inclined backrests. 
The  backrest  may  provide  beneficial  as  well  detrimental  effects  on  the  comfort  of 
passengers (Section 2.4.4). At low frequencies, with appropriate strategy (e.g. ‘ride on 
with  the  motion’  –  Section  2.4.4),  the  presence  of  the  backrest  can  decrease 
discomfort.  However,  at  high  frequencies,  it  often  become  an  additional  input  to 
vibration and induces more vibration to be transmitted to the head and causes more 
discomfort. This complex effect of the backrest can be more cumbersome when the 
backrest is inclined. More knowledge is required to supplement understanding from 
Kato and Hanai for x-axis vibration of the back with greater inclination of the backrest 
(i.e.  beyond  40).  With  greater  inclination  of  the  backrest  (more  horizontal),  the 
magnitude of vibration in the  z-axis of the back (sin component) becomes greater. 
However, the relative importance of its contribution to overall discomfort is not known.  
Similar questions can also be raised on the contribution from vibration at the seat. The 
dominance of vertical seat vibration on the discomfort of seated people with an upright 
backrest or without backrest has been reported at frequencies around the resonance 
of  the  body  (Section  2.4.3.1).  However,  with  evidence  of  a  significant  increase  in 
resonance frequencies of vertical apparent mass measured at the seat with greater 
inclination of the backrest (Section 2.6.4), more studies are required to look at whether 
the  frequencies  at  which  the  vertical  seat  vibration  is  dominant  will  change  with 
inclination of the backrest.  
The r.s.s.  summation  procedure  has  been  shown  to  provide  a  useful prediction  of 
discomfort from multi-input vibration in seated people with upright backrests (Section 
2.4.6).  Further  analysis  is  desirable  to  see  the  effectiveness  of  the  procedure  for 
seated people with inclined backrests. 
The frequency weighting technique has been widely used for measuring the dynamic 
comfort of seats (e.g. SEAT procedure; Section 2.5). A study is required to look at the 
efficacy of the frequency weightings for predicting the comfort of compliant seats with 
various inclination of the backrest. 74 
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Chapter 3         
  METHOD 
METHOD 
3.1  INTRODUCTION 
This chapter describes the general principals of the equipment and analysis method 
employed  in  the  studies.  Further  information  relating  to  the  equipment,  and  the 
analysis specific to each experiment, is described in the appropriate chapter of the 
thesis.  
All experiments were carried out in the laboratories of the Human Factors Research 
Unit, the Institute of Sound and Vibration Research, University of Southampton. All 
vibrators used were man-rated and all exposures were in accordance with Guide to 
Experimentation involving Human Subjects (Anon, 1996) and British Standard 6841 
(1987).  All  experiments  were  conducted  with  prior  approval  from  the  Human 
Experimentation Safety and Ethics Committee of the Institute of Sound and Vibration 
Research at the University of Southampton. 
3.2  APPARATUS 
3.2.1  Data acquisition and analysis system 
Data acquisition and signal generation were carried out using HVLab Data acquisition 
system (Figure 3.1). In Experiments 1 to 3, the system comprised HVLab software 
v3.81 and a 16-channel data acquisition box equipped with a Techfilter TF-16 anti-
aliasing filter and an Avantech PCLabs PCL-818 12-bit acquisition card. Signals to the 
vibrator were low-pass filtered at 40 Hz using a Kemo Filter and monitored using an 76 
 
oscilloscope. Measured accelerations were acquired at 1000 samples per second and 
low-pass filtered at 40 Hz via the Techfilter anti-aliasing filter. In Experiments 4 and 5, 
the system comprised an HVLab Signal Processing Toolbox v1.0 in Matlab (version 
R2009) and NI 6211 data acquisition box equipped with a digital-to-analogue converter 
and low-pass filters. Signals to the vibrator were generated and output at 512 samples 
per second. Measured accelerations were acquired at 512 samples per second and 
low-pass filtered at 50 Hz. 
 
Figure 3.1 General setup for signal generation and data acquisition. 
3.2.2  Transducers 
The vibrations in all five experiments were monitored using Entran Model EGCSY-
240D-10  piezo-resistive  accelerometer  (Figure  3.2).  The  specification  of  the 
accelerometer is shown in Table 3.1. 
 
Figure 3.2 Single-axis piezo- resistive accelerometer Entran Model EGCSY-240D-10 
used in this studies. 
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Table 3.1 Specifications of Entran EGCSY-240D-10. 
Parameter  Specification 
Amplitude range   ±10 g 
Sensitivity  13 mV/g 
Frequency range  0 to 200 Hz 
Natural frequency  400 Hz 
Non-linearity  ± 1% FSO 
Cross-axis sensitivity  ± 2% (maximum) 
Thermal sensitivity shift  ± 2.5%/50C 
Damping coefficient  0.7 nominal (0.5 to 0.9) 
 
In all experiments where a rigid seat was used, accelerometers were mounted at the 
back of the backrest (Experiments 1 and 2), underneath the seat pan (Experiment 3) 
and on the platform of the vibrator (Experiments 4 and 5). In Experiment 5, a SIT-pad 
was placed on the seat pan and the backrest between the body and the seat when 
there  was  a  compliant  seat.  The  construction  of  the  SIT -pad  with  embedded 
accelerometer is as shown in Figure 3.3. Vertical hand vibration in Experiments 1, 2, 
and 3 was monitored using an accelerometer mounted on the flat horizontal surface of 
the wooden handle. 78 
 
 
Figure 3.3 SIT-pad and its construction. ISO 10326-1 (1992). 
3.2.3  Auditory and visual masking 
White  noise  was  presented  to  the  subjects  via  calibrated  headphones  for  auditory 
masking  of  any  noises  from  the  surroundings,  particularly  from  the  vibrators.  A 
calibrated noise generator  was used to produce white noise at  70 to 75 dB(A) for 
Experiments 1, 2, and 3 and at 65 dB(A) for Experiments 4 and 5. 
Subjects were provided with a blindfold made of polyester or were requested to close 
their eyes, to avoid bias in their judgement from seeing the motion of the vibrators and 
also distraction from surroundings. 79 
 
3.2.4  Vibrators 
Three  different  vibrators  were  used  in  this  research.  Each  of  the  vibrators  was 
equipped with two emergency stop buttons: one for the experimenter and one for the 
subject as a mandatory safety feature. 
3.2.4.1  Derritron electrodynamic vibrator Type VP85 
The Derritron VP 85 electrodynamic vibrator (Figure 3.4) used in Experiments 1, 2, 
and 3 was powered by 1500-W Amplifier. It had been designed such that its table 
could move a considerable distance in the axial  direction but was restricted in the 
lateral direction to minimise cross-axis coupling motion. This was achieved by means 
of high lateral stiffness of link-arm suspension that linked the table to the vibrator body. 
The link-arm suspension systems were comprised of a series of beams, in pairs, which 
had a resilient rubber coupling bush at each end. The properties of the rubber allow 
the bushings to deflect relatively easily in the torsional direction but severely limited in 
the radial direction. The specification of the vibrator is shown in Table 3.2. 
 
Figure 3.4 Derritron electrodynamic vibrator Type VP 85 used for backrest and seat 
pan vibration. From http://www.southampton.ac.uk/hfru/lab_facilities. 80 
 
The vibrator was mounted on a trunnion that allowed the orientation of the vibrator to 
be adjustable from 0 to 90 degrees from the horizontal orientation. It was a useful 
feature that made it possible to design a test rig with an inclined vibrating backrest 
(Section 3.2.5). 
Table 3.2 Specification of Derritron electrodynamic vibrator Type VP 85. 
   
Vector force  385 kg 
Frequency range  1.5 – 5000 Hz 
Table: 
Diameter 
Stroke 
Velocity limit 
Acceleration 
Background noise 
First major resonance 
 
17.8 cm 
2.54 cm peak-to-peak 
75 cms
-1 
540 ms
-2 
Less than 0.6 ms
-2 
3700 Hz 
Suspension: 
Vertical stiffness 
Lateral stiffness 
Lateral motion 
 
98.5 kgcm
-1 
5720 kgcm
-1 
Less than 5% except at 120 Hz (12%) and 3000 
Hz (12%) 
Maximum unsupported load: 
Vertical position 
Horizontal position 
 
38.5 kg 
2.9 kgm 
   
 
3.2.4.2  Derritron electrodynamic vibrator Type VP 4 
The Derritron VP 4 electrodynamic vibrator was relatively small and powered by 100-
W Amplifier. It was used for vertical hand vibration in Experiments 1, 2, and 3 (Figure 
3.5). It had been designed with a light-weight table supported both longitudinally and 
radially by a ‘spider’ mechanism that allowed movement in the axial direction. 81 
 
 
Figure 3.5 Derritron electrodynamic vibrator Type VP 4 used for vertical hand vibration. 
From http://www.southampton.ac.uk/hfru/lab_facilities. 
The specification of the vibrator is shown in Table 3.3. 
Table 3.3 Specification of Derritron electrodynamic vibrator Type VP 4. 
   
Vector force  11 kg 
Frequency range  1.5 – 10,000 Hz 
Moving system (Table) 
Diameter 
Stroke 
First major resonance 
longitudinally and radially supported 
6.8 cm 
0.635 cm peak-to-peak 
8900 Hz 
   
 
3.2.4.3  Servotest electrohydraulic vibrator 
A 1-meter vertical electrohydraulic vibrator (Figure 3.6) was used in Experiment 4 and 
5. As the name suggests, the vibrator is capable of producing 1 meter peak-to-peak 
displacement (Table 3.4).  The platform of the vibrator was made of cast aluminium 
alloy,  and  driven  by  servo-hydraulic  actuator.  A  16-mm  thick  aluminium  plate 
measured at 1.5 m by 0.9 m was attached on the top surface of the platform via 100-
mm steel spacers. The experimental test rig was securely mounted on this plate. 82 
 
 
Figure  3.6  A  Servotest  Electro-hydraulic  Vibrator  used  for  whole-body  vertical 
vibration. From http://www.southampton.ac.uk/hfru/lab_facilities. 
Apart from emergency stop buttons, some mechanical, hydraulic and electronic safety 
features are also incorporated into the vibrator. These features include rubber buffers 
to prevent metal-to-metal contact of piston with bearing heads, hydraulic buffers to 
control acceleration in the event of the system reaching the limits of travel, relief valves 
to limit hydraulic fluid pressure to a safe value, and electrical interlock  switches to 
automatically turn off the vibrator in the event of high oil temperature, low oil level, 
lower system pressure or any faults detected on the pump control unit. 
Table 3.4 Specification of 1-meter vertical vibrator 
   
Maximum dynamic force  10 kN 
Frequency range  0 - 50 Hz 
Vibration Platform: 
Dimension 
Total stroke 
Peak velocity 
Max acceleration 
Background noise 
 
1.5 m x 0.9 m 
1m 
2 ms
-1 
±10 ms
-2 at 400 kg payload 
0.017 ms
-2 r.m.s. at 50 Hz.
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3.2.5  Test rigs 
Five  different  test  rigs  were  developed  for  five  experiments.  The  dimensions  and 
layouts of the test rigs were designed such that they would provide four similar sitting 
postures with four backrest inclinations: 0 (upright), 30, 60, and 90 (recumbent) in 
Experiments 1 to 4, and a backrest inclination of 30 in Experiment 5. The rigs were 
essentially to provide a comfortable posture when sitting with four different backrest 
inclinations. Apart from a recumbent posture (i.e., when the backrest was fully reclined 
at 90 from vertical), the knee and ankle angle was set to 120 and 100 respectively 
based on comfortable sitting posture for the anthropometric built of a 50
th percentile 
British male aged 19 to 45 years (Rebiffé, 1969; Pheasant, 1990). The test rigs were 
comprised of a support for the head, back, pelvis, and feet.  
3.2.5.1  Vibration of inclined backrest in x-axis of the body 
In Experiment 1, all the supports were stationary except the backrest. A wooden plate 
was attached to the table of the Derritron VP85 Vibrator to provide single-axis vibration 
in the direction normal to the back (Figure 3.7). The inclination of the backrest at four 
different  angles  was  achieved  by  adjusting  the  orientation  of  the  vibrator  at  the 
trunnion. 
 
Figure  3.7  Vibration  of  inclined  backrest  in  normal  direction  to  the  back:  backrest 
inclined at 60 from vertical (left), backrest inclined at 90 from vertical (right). 84 
 
3.2.5.2  Vibration of inclined backrest in z-axis of the body 
Similar  to Experiment 1, the test rig for Experiment 2 was comprised of stationary 
supports except for the backrest. In order to provide vibration of the inclined backrest 
parallel to the back, a wooden plate was mounted normal to the surface of the table of 
the  Derritron  VP  85  Vibrator  (Figure  3.8).  Four  different  backrest  inclinations  were 
achieved by adjusting the orientation of the vibrator at the trunnion. 
 
Figure  3.8  Vibration  of  inclined  backrest  in  parallel  direction to  the  back:  backrest 
inclined at 0 from vertical (left), backrest inclined at 90 from vertical (right). 
3.2.5.3  Vertical seat vibration 
In  Experiment  3,  all  the  supports  were  stationary  except  the  seat  pan.  Single-axis 
vibration of the seat pan in the vertical direction was achieved via a wooden plate 
attached to the table of the Derritron VP 85 vibrator (Figure 3.9). 
 
Figure  3.9 Vertical seat vibration: all stationary supports positioned horizontally for 
recumbent position. 85 
 
3.2.5.4  Whole-body vertical vibration 
The test rigs for Experiments 4 and 5 were attached to the table of the Servotest 1-
meter vertical vibrator (Figure 3.10). The inclination of the backrest of the test rig in 
Experiment 4 could be adjusted to 0 (upright), 30, 60 and 90 (recumbent), whereas 
for Experiment 5 the backrest was fixed at 30 inclination. 
 
Figure  3.10  Test  rigs  mounted  on  1-m  vertical  vibrator  for  whole-body  vibration: 
example of test rig for Experiment 4, adjusted to inclination of 0 from vertical (A), 30 
(B) and 60 (C); the backrest of test rig for Experiment 5 was fixed at 30 inclination, 
with foam to form a compliance seat (D), and without foam to form a rigid seat (E). 
3.2.5.5  Vertical hand vibration 
In Experiments 1, 2, and 3, vertical hand vibration was presented to the subjects via a 
wooden handle mounted on the table of Derritron VP 4 vibrator  (Figure 3.11). The 
vibrator was positioned on a height-adjustable stand. The stand was designed to have 
a stationary and movable platform. The height of movable platform could be raised 
using a screw-jack to between 50 and 100 cm above the floor. 
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Figure  3.11  Vertical hand vibration via wooden handle attached to  Electrodynamic 
Derritron VP 4 vibrator. 
3.3  VIBRATION MEASUREMENT 
3.3.1  Direction of measurement 
The principles of basicentric coordinate systems as prescribed in BS 6841 (1987) and 
ISO 2631-1 (1997) were used in measuring vibration in all experiments (Figure 3.12). 
 
Figure  3.12  Basicentric coordinate system as defined in BS 6841 (1987) and ISO 
2631-1 (1997) used as a basis for vibration measurement in this research. 87 
 
To maintain the same basicentric orientation when measuring backrest vibration in all 
backrest  inclinations,  the  accelerometer  was  placed  on  the  backrest  either  on  the 
surface  of  the  back  of  the  backrest  with  rigid  seats  or  on  top  of  the  foam  of  the 
backrest in the case of the compliant seats. 
3.3.2  Calibration 
All  accelerometers  including  the  SIT-pad  were  calibrated  prior  to  and  after  the 
experiments. The accelerometers were calibrated using earth’s gravitation in accord to 
ISO 5347-5 (1993). The accelerometers were turned over to measure gravity at three 
different orientations, +g, 0, -g where g was assumed to be 9.81 ms
-2 (Figure 3.13).  
 
Figure 3.13 An example of calibration carried out on accelerometer yielding measures 
of gravity in three orthogonal orientations of the accelerometer: +g, 0, -g. 
3.3.3  Background noise 
The background vibration from the VP 85 vibrator, predominantly caused by electrical 
noise at 50 Hz, was kept below perceptible level by placing a resistance of 0.5 to 1 
ohm in series with vibrator coil. The level of the vibration was kept below 0.008 and 
0.011 ms
-2 r.m.s. for x-axis and z-axis vibration of the backrest, respectively, and 0.012 
ms
-2 r.m.s. for vertical seat vibration. 
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3.3.4  Instructions and questionnaires 
The subjects were screened via health questionnaire before they could participate in 
the experiment. The health questionnaire, subject anthropometric data, and instruction 
sheet for each experiment are enclosed in the Appendix A, B and C respectively. 
3.4  ANALYSIS TECHNIQUES 
3.4.1  Subjective evaluation 
Absolute  perception  thresholds  and  equivalent  comfort  contours  were  determined 
using  the  up-down  transformed  response  (UDTR)  method  and  the  method  of 
magnitude estimation, respectively.  
3.4.1.1  Up-down transformed response (UDTR) 
Absolute thresholds for the perception for vibration of the backrest in the x-axis and 
the z-axis (in Experiments 1 and 2, respectively) were determined using a one-up-and-
two-down  method. This  is  one  of the  variants of the transformed  up-down  method 
reported by Levitt (1971) to control the probability of a correct response. The one-up-
two-down procedure provides the magnitude of vibration that will be perceived on 70.7% 
of the occasions on which it was present (Table 3.5). 
Table  3.5  Some  of the  variants  of transformed  up-down method  reported  in  Levitt 
(1971) and their probability of correct  (‘yes’) response. The ‘+’ and ‘-‘ sign represent 
‘yes’ and ‘no’ response respectively. 
Variant  Response sequence  Probability of a 
sequence from 
Down group, 
P[Down] 
Probability of 
correct 
response at 
convergence 
Up group 
(increase level) 
Down group 
(decrease level) 
1-up-1-down  -  +  P(X) = 0.5  P(X) = 0.5 
1-up-2-down  + - or  
- 
+ +  [P(X)]
2 = 0.5  P(X) = 0.707 
1-up-3-down  + + - or 
+ - or 
- 
+ + +  [P(X)]
3 = 0.5  P(X) = 0.793 
1-up-4-down  + + + - or 
+ + - or 
+ - or 
- 
+ + + +  [P(X)]
4 = 0.5  P(X) = 0.841 89 
 
Prior to the test, subjects were familiarised with the method through several practice 
runs. Subjects were requested to say ‘yes’ if they felt the vibration and ‘no’ if they did 
not feel the vibration. The stimuli were repeated if they unsure of their response. The 
test started with the average perceptible level of stimulus which was determined from 
a  pre-experiment.  After  every  two  consecutive  ‘yes’  responses,  the  level  of  the 
stimulus was decreased by 2 dB. Otherwise, the level was increased by 2 dB. The test 
was  carried  on  until  6  reversals  (i.e.,  3  peaks  and  3  valleys)  were  obtained.  The 
absolute perception thresholds were calculated from the average of the last two peaks 
and last two valleys. The instructions to subjects are enclosed in Appendix C. 
3.4.1.2  Magnitude estimation (Stevens’ power law) 
The  method  of  ratio  estimation  (simply  known  as  magnitude  estimation)  with  a 
reference  stimulus  (Stevens,  1975)  was  used  to  determine  the  rate  of  growth  of 
vibration  discomfort  at  each  frequency,  from  which  a  series  of  equivalent  comfort 
contours were calculated for each experiment. The reference stimulus was chosen as 
the middle frequency and middle magnitude of the range of test stimuli. During the test, 
subjects  were  presented  with  the  reference  stimulus followed  by  the  test  stimulus. 
They  were  requested  to  rate  the  discomfort  of  each  test  stimulus  by  stating  the 
sensation magnitude it produced, assuming the sensation magnitude produced by the 
reference stimulus was 100. To make sure they understood the method, they were first 
trained  by  judging  the  ratio  of  the  apparent  lengths  of  several  lines  to  that  of  a 
reference line - the training scheme is included in Appendix D. They also practised 
with  several  pairs  of  reference-and-test  stimuli  before  they  start  with  the  test.  The 
instructions to subjects are enclosed in Appendix C. 
The sensation magnitudes, ψ, and the physical magnitudes of the vibration stimuli, φ, 
are assumed to be related by a power function, often described as Stevens’ power law 
(Equation 3.1) 
ψ = kφ
n          Equation 3.1 
log10 ψ = n log10φ + log10 k         Equation 3.2 
In Experiment 1, the physical magnitudes of the test stimuli ranged from only slightly 
above the absolute perception thresholds. To reduce a bias error at low magnitudes, 
the absolute perception threshold was included in Stevens’ power law as an additive 
constant, φ0, as suggested by Gescheider (1976) (Equation 3.3). A similar approach 
has also been adopted by Morioka and Griffin (2006). 90 
 
ψ = k(φ - φ0)
n          Equation 3.3 
log10 ψ = n log10(φ - φ0) + log10 k       Equation 3.4 
With these assumptions (i.e. Equation 3.2 and 3.4), linear regressions by means of 
least squares method were performed to determine the exponent n (i.e., the rate of 
growth of discomfort) and the intercept, or constant k for both cases (Figure 3.14). 
 
Figure 3.14 Examples of curve-fitting to a power function: (a) based on Equation 3.1 
for 25 Hz of z-axis vibration of fully relined backrest (90) determined in Experiment 2, 
(b) based on Equation 3.3 for 3.15 Hz of x-axis of vibration of upright backrest (0) 
determined in Experiment 1; and the corresponding linear regressions: (c) based on 
Equation 3.2 and (d) based on Equation 3.4. 
With the value of n and k were known for each frequency, using either Equation 3.5 or 
Equation  3.6,  the  vibration  magnitudes  φI required  for  a  given  range  of  sensation 
magnitudes ψI can be calculated and plotted over the range of frequencies of the test 
stimuli. These form curves which are often referred to as equivalent comfort contours. 91 
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where i represent number of equivalent comfort contour 
A graph of equivalent comfort contours provides a useful quick  examination of the 
changes in discomfort with both frequency and magnitude of vibration. 
3.4.1.3  Cross-modality matching 
The  reference  stimuli,  although  of  similar  physical  magnitude  with  each  backrest 
inclination, may or may not cause similar discomfort with all backrest inclinations: a 
sensation magnitude of 100 for reference stimulus with an upright backrest and that 
with  another  backrest  inclination  may  or  may  not  be  actually  similar.  With  this 
uncertainty,  direct  comparisons  between  equivalent  comfort  contours  with  each 
backrest inclination do not necessarily yield the relative discomfort between backrest 
inclinations.  
To overcome this problem, an additional experiment was required to adjust the scale 
of  sensation  magnitude  of  the  reference  stimulus  to  that  of  a  ‘common  reference 
stimulus’.  As  the  name  suggest,  the  common  reference  stimulus  should  cause  a 
similar  sensation  magnitude  regardless  of  differences  in  backrest  inclination.  The 
experiment used the technique of intra-modal or cross-modality matching (Stevens, 
1975). The basis of which is described by Stevens: “if the numerical estimations that a 
person makes when he is asked to judge the magnitude of his sensation reflects a 
fundamental property of the sensory system, then that the same property should guide 
his  behaviour  when  he  matches  one  sensation  to  another”.  Thus,  the  matching 
function should be expected to be governed by another power function. 
In Experiments 1 to 3, 8-Hz vertical hand vibration at 2.0 ms
-2 r.m.s. was used as a 
common  reference  stimulus.  It  was  assumed  that  the  sensation  magnitude  of  the 
vertical hand vibration would be similar with all backrest inclinations as long as the 
conditions  of  the  vibration  exposure  of  the  hand  remained  similar.  With  this 
assumption, the scale of the sensation magnitude of the reference stimulus with each 
backrest  inclination  can  be  adjusted  to  that  of  the  common  reference  provided  by 92 
 
vertical hand vibration. The equivalent comfort contours for each backrest inclination 
could  then  be  plotted  at  the  adjusted  sensation  magnitude  (i.e.,  the  sensation 
magnitude of 100 for the common reference), to yield the relative discomfort between 
backrest  inclinations.  The  solution  can  be  stated  more  simply  with  the  help  of  an 
equation  and  a  figure.  In  the  first  part  of  the  experiment  (i.e.,  equivalent  comfort 
contour within backrest inclination), the exponent, a, of the power function between the 
physical magnitudes of the test stimuli at 8 Hz, φ1, and their sensation magnitudes 
relative  to  that  of  the  reference  stimulus,  ψ1,  were  determined  for  each  backrest 
inclination (see Equation 3.7, Figure 3.15a and Figure 3.15c). 
ψ1 = φ1
a          Equation 3.7 
In  the  second  part  of  the  experiment  (i.e.,  relative  discomfort  between  backrest 
inclinations), the exponent, b, of the power function between the physical magnitude of 
test stimuli of 8 Hz, φ2, and their sensation magnitudes relative to that of the common 
reference stimulus, ψ2, were determined for each backrest inclination (see Equation 
3.8, Figure 3.15b and Figure 3.15d)  
ψ2 = φ2
b          Equation 3.8 
From the matching and physical magnitude of the reference stimulus, φc: 
φ1 = φ2  = φc          Equation 3.9 
Thus, the ratio of sensation magnitudes can be written as: 
ψ1
1/a = ψ2
1/b             Equation 3.10 
2 10 1 10 ψ log
1
ψ log
1
b a
         Equation 3.11 
b
a

2 10
1 10
ψ log
ψ log
          Equation 3.12 
From the ratio of sensation magnitudes (Equation 3.12), vibration accelerations, φc, 
required  at  each  frequency  with  each  backrest  inclination  can  be  conveniently 
calculated for a range of sensation magnitudes, ψ2, of the common reference (e.g., ψc 
= 100 as in Experiment 1 to 3) (Figure 3.15). 93 
 
 
Figure  3.15 Examples of cross-modality matching procedure to adjust the scale of 
sensation magnitude of reference stimulus in Experiment 3 (vertical seat vibration) to 
that of the common reference (vertical hand vibration): vibration acceleration of the 
seat required (φc) with upright backrest to cause sensation magnitude of 100 of the 
common  reference  (b)  would  cause  sensation  magnitude  of  101  of  the  reference 
stimulus (a). Similarly with backrest inclined at 30, vibration acceleration of the seat 
required to cause 100 of the common reference (d) would cause sensation magnitude 
of 87 of the reference stimulus. 
Relative  discomfort  between  backrest  inclinations  can  then  be  measured  from  the 
differences in vibration acceleration required, φc, with each backrest inclination.  
   94 
 
3.4.2  Objective evaluation 
3.4.2.1  Overall ride value 
In Experiments 4 and 5, overall ride values, ɑ, were calculated in accord with BS 6841 
(1987) for evaluating discomfort arising from vibration input to the body at the seat, the 
back, and the feet (Equation 3.13). With whole-body vertical vibration, with an inclined 
backrest and inclined footrest, there were two components of vibration input at the 
back and two at the feet. Vibration inputs at the seat in the x- and y-axis of the body 
were small and negligible and therefore not considered. 
ɑ = (ɑzsw
2 + ɑxbw
2 + ɑzbw
2 + ɑxfw
2 + ɑzfw
2)
1/2    Equation 3.13 
Frequency weightings and axis multiplying factors recommended in BS6841 (1987) 
were  used  in  the  calculation,  irrespective  of  backrest  inclination  (Table  3.6,  Figure 
3.16). 
Table  3.6  Frequency  weightings  and  axis  multiplying  factors  used  for  evaluating 
discomfort of people seated with reclined backrests (BS 6841, 1987). 
Vibration input  Frequency weighting 
W 
Axis multiplying factor 
k 
z-seat  Wb  1.0 
x-back  Wc  0.8 
z-back  Wd  0.4 
x-feet  Wb  0.25 
z-feet  Wb  0.4 
 
Overall  ride  values  were  also  used  as  a  basis  for  determining  the  ‘seat  effective 
amplitude transmissibility’ (SEAT) values for the compliant seats in Experiment 5 (see 
Section 3.4.2.3). 95 
 
 
Figure  3.16  Moduli  of  the  frequency  weightings  and  band  limiting  factors,  British 
Standard 6841 (1987). 
3.4.2.2  Transmissibility 
The property of a system can be determined from relationships between the input and 
output of a system (Figure 3.17).  
 
Figure 3.17 System identification. 
The relationship between the input and output signal to a system is expressed as a 
transfer function, or frequency response function (Equation 3.14). 
) (
) (
) (
f X
f Y
f H            Equation 3.14 
system 
Input, X(f)  Output, Y(f) 
Response function, H(f) 96 
 
Transmissibility  is  a frequency  response function  commonly  used  to determine  the 
dynamic responses of a seat. It can be calculated from the vibration signals measured 
on the seat and on the floor (Equation 3.15).  
floor   on   vibration
seat   on   vibration
bility Transmissi          Equation 3.15 
Vibration  acceleration  is  the  most  commonly  measured  signal  because  it  can  be 
conveniently acquired using an accelerometer. There are generally two methods that 
can be used to obtain the transmissibility function. The power spectral density (PSD) 
method  determines  the  transmissibility  from  the  square  root  of  the  ratio  of  power 
spectral density of the output to the power spectral density of the input (Equation 3.16). 
The transmissibility function obtained through this method contains information only on 
modulus but no information on phase. 
1/2
xx 
yy 
) (
) (
) ( 

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
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

f S
f S
f H         Equation 3.16 
The cross spectral density (CSD) method was used in Experiment 5 (Chapter 8). The 
transmissibility was determined from the ratio of cross spectral density of the input and 
the output signal to the power spectral density of the input signal (Equation 3.17). 
) (
) (
) (
xx
xy
f S
f S
f H            Equation 3.17 
Transmissibility  is  unity  for  a  rigid  seat  but  the  transmissibility  of  a  compliant  seat 
depends on the dynamic properties of the material embodied the seat (e.g., foam) 
(Figure 3.18). The vibration discomfort of a seated person is dependent on vibration at 
the  seat  and  the  back  and  the  vibration  input  spectrum.  Therefore,  the 
transmissibilities of the compliant reclined seats in Experiment 5 were calculated from 
the vibration acceleration spectrum at the seat and backrest. 97 
 
 
Figure  3.18 Some examples of: (a) a typical seat transmissibility of a conventional 
seat,  (b)  seat  transmissibility  of  a  variety  of  seat  with  different  materials  and 
constructions (Corbridge et al., 1989). 
3.4.2.3  Seat effective amplitude transmissibility (SEAT) 
The  SEAT  value,  a  concept  introduced  by  Griffin  (1978,  1990),  is  essentially  a 
measure  of  vibration  discomfort  when  sitting  in  a  seat  relative  to  the  vibration 
discomfort with rigid seat, or the vibration discomfort when sitting on the floor. It takes 
into  consideration  the  factors  affecting  vibration  discomfort,  which  include  the 
acceleration  power  spectra  of  vibration  on  the  seat  and  the  floor,  the  frequency 
weighting  for  evaluating  vibration  discomfort,  and  the  transmissibility  of  the  seat. 
Based on this concept and interpretation, the SEAT value can be calculated in several 
ways. If the motions on either the seat or the floor have a low crest factor, the SEAT 
value  can  be  calculated  from  the  square-root  of  the  ratio  of  the  integration  of  the 
frequency-weighted acceleration power spectrum on the seat to the integration of the 
frequency-weighted acceleration power spectrum on the floor (Equation 3.18). 
100
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    Equation 3.18 
If  the  motions  have  high  crest  factor,  the  SEAT  value  should  be  calculated  using 
vibration dose value (Equation 3.19). 
100
floor   the   on VDV 
seat   the   on VDV 
%   SEAT         Equation 3.19 
(a)  (b) 98 
 
For a multi-input situation, such as when seated with a compliant reclined seat as in 
Experiment  5  (Chapter  8),  the  vibration  input  at  the  seat  squab  and  the  backrest 
should be considered in the calculation. The SEAT value can then be obtained using 
overall ride values (Equation 3.20). 
100
floor   the   on   value   ride   overall
seat   the   on   value   ride   overall
%   SEAT       Equation 3.20 
 
3.5  DATA ANALYSIS 
3.5.1 Data analysis software 
The HVLab Human Response to Vibration Toolbox for MATLAB Signal Processing 
Toolbox (2009 version 1.0) was used for data acquisition and signal processing. The 
Mathworks MATLAB (version 7.8) was used to perform linear regressions to derive 
equivalent comfort contours. SPSS Inc. SPSS (version 18) was used to perform all 
statistical tests. 
3.5.2 Statistical tests 
All  data  from  the  experiments  were  analysed  using  a  related-subjects  design  (the 
same group of subjects were used for all test conditions in each experiment) and with 
no assumption on the distribution of the data. Thus, the statistical tests used were non-
parametric (Table 3.7). 
Table 3.7 Non-parametric statistical tests used in the thesis. 
Statistical test  Category  Type of data 
Friedman two-way analysis of variance test  k related samples  Continuous 
Wilcoxon matched-pairs signed ranks test  2 related samples  Continuous 
Cochran’s Q test  k related samples  Dichotomous 
McNemar test  2 related samples  Dichotomous 
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Chapter 4             
PERCEPTION  AND  DICOMFORT  OF  VIBRATION 
APPLIED NORMALTO THE BACK IN THE X-AXIS OF 
THE BACK 
PERCEPTION  AND  DISCOMFORT  OF  VIBRATION 
APPLIED NORMAL TO THE BACK IN THE X-AXIS OF 
THE BODY 
4.1  INTRODUCTION 
Knowing  human  sensitivity  to  different  frequencies  of  vibration,  the  dynamic 
performance  of  a  seat  can  be  evaluated  using  the  ‘seat  effective  amplitude 
transmissibility’ (i.e. SEAT value, Griffin, 1978; Griffin, 1990). This procedure, used in 
ISO  10326-1  (1992)  and  ISO  7096  (2000),  indicates  the  extent  to  which  a  seat 
reduces  (or  increases)  vibration  discomfort.  The  SEAT  value  is  mostly  used  to 
evaluate the transmission of vertical vibration from the floor to the seat surface, but it 
can  also  be  applied  with  other  directions  of  vibration  and  with  other  locations  of 
vibration  on  the  seat  (e.g.  backrest).  The  method  cannot  currently  be  used  with 
confidence to evaluate the dynamic performance of backrests when sitting in a semi-
supine  posture  often  adopted  when  travelling,  because  there  is  no  standardised 
frequency weighting for predicting the discomfort caused by the vibration of inclined 
backrests. 
British Standard 6841 (1987) and ISO 2631-1 (1997) suggest how vibration can be 
weighted according to human sensitivity to the frequency and direction of vibration so 
as  to  predict  the  likely  vibration  discomfort.  Such  frequency  weightings  can  be 
developed from experimentally determined ‘equivalent comfort contours’ showing the 
vibration acceleration required to produce a similar degree of vibration discomfort at 100 
 
each frequency. The Wc frequency weighting in BS 6841 and ISO 2631-1 for the fore-
and-aft vibration of backrests was based on the findings of a study by Parsons et al. 
(1982)  in  which  the  discomfort  caused  by  fore-and-aft  vibration  of  a  full  upright 
backrest  was  determined  at  frequencies  from  2.5  to  63  Hz.  Subjects  provided 
judgements showing the acceleration required at each frequency to produce the same 
degree of discomfort as that caused by 0.8 ms
-2 r.m.s. 10-Hz vertical seat vibration. 
Over the range 2 to 80 Hz, a broadly similar equivalent comfort contour for the fore-
and-aft vibration of a full upright backrest has been found when using a lower vibration 
magnitude of 0.25 ms
-2 r.m.s. 10-Hz vertical seat vibration (Kato and Hanai, 1998). 
These  studies  suggest the frequency  weighting  Wc  may  be  appropriate for  upright 
backrests over the range of vibration magnitudes often encountered in cars and public 
transport.  However,  Kato  and  Hanai found  that  the  discomfort  caused  by  vibration 
applied normal to the back changed when the backrest was reclined by 20 and 40. 
There were no differences in discomfort between the two inclinations, but compared to 
the upright backrest the equivalent comfort contours were higher at low frequencies 
and lower at higher frequencies. Their findings suggest that discomfort from vibration 
applied  normal  to  the  back  would  be  over-estimated  at  low  frequencies  and 
underestimated at high frequencies when using frequency weighting Wc with a reclined 
backrest.  
A wide range of backrest inclinations is now used in various forms of travel. This study 
was undertaken to improve understanding of the discomfort arising from the vibration 
of  inclined  backrests  in  a  direction  normal  to  the  back  (i.e.  xback).  The  study 
investigated  backrests  inclined  at  0  (upright),  30,  60,  and  90  (horizontal,  a 
recumbent  posture)  so  as  to  consider  the  suitability  of  frequency  weighting  Wc  for 
predicting vibration discomfort over the widest possible range of backrests inclinations. 
It  was  hypothesised  that  within  each  backrest  inclination  the  vibration  acceleration 
required to produce similar discomfort over the frequency range would vary with the 
frequency of the vibration. It was also hypothesised that the frequency-dependence of 
vibration discomfort would vary with backrest inclination. 
The  experiment  consisted  of  four  parts.  In  Part  1,  the  absolute  thresholds  for  the 
perception of vibration at the back were determined. In Part 2, the rates of growth of 
vibration  discomfort  were  determined  and  a  series  of  equivalent  comfort  contours 
within each backrest angle were derived. In Part 3, the relative discomfort between the 
four backrest angles were determined. In Part 4, the location of principal discomfort in 
the body caused by backrest vibration at each frequency were determined. All parts of 101 
 
the experiment investigated frequencies over the range 2.5 to 25 Hz with each of four 
backrest inclinations: 0 (upright), 30, 60 and 90 (recumbent). 
4.2  METHOD 
4.2.1  Apparatus 
The apparatus comprised a vibrating backrest connected to a Derritron VP85 vibrator, 
with  a  stationary  seat-pan,  a  stationary  footrest,  and  a  stationary  headrest.  The 
inclination of the backrest was adjustable to 0, 30, 60, and 90 degrees from vertical by 
rotating the vibrator within a trunnion. The vibration was applied in a direction normal 
to the surface of the back (xback) via a rigid flat wooden backrest (500 mm high by 310 
mm wide). 
With  each  backrest  angle,  the  height  of the  seat-pan, the  angle  and  height  of the 
footrest, and the position of the headrest were adjusted to a comfortable sitting posture 
for a 50
th percentile British male aged 19-45 years (Pheasant, 1990) (Figure 4.1). The 
positions were achieved using an H-point manikin with knee and ankle angles set to 
120 and 100, respectively. The sitting height was adjusted so that contact between 
the back and the backrest was mostly at the upper back, with no contact around the 
lumbar and pelvic region. The backrest and headrest were covered with 1-mm thick 
neoprene rubber to provide friction between the supports and the body. 102 
 
 
Figure 4.1 Posture when sitting with backrest inclined at 0 (a), 30 (b), 60 (c) and 
90 (d) in Part 1, 2 and 4 of the study. 
It  was  not  possible  to  arrange  for  the  subjects  to  compare  directly  the  discomfort 
caused by x-axis vibration of the back at different backrest inclinations. When sitting 
with  each  backrest  inclination,  subjects  were  therefore  asked  to  compare  their 
discomfort with that caused by vibration of their hand (in Part 3 of the experiment). A 
cylindrical  wooden handle (3.18-cm diameter and 12-cm long) was attached to the 
table of a vertically-orientated Derritron VP4 vibrator supported on a height-adjustable 
stand. The location and height of the handle were adjusted for each subject so as to 
maintain the posture of the hand at a similar and comfortable position with each of the 
four backrest inclinations. The upper-arm and fore-arm were maintained with a slight 
bend (about 90 to 120 degrees) to avoid ‘locking’ at the elbow, and thereby reducing 
the transmission of vibration to the shoulders, so that discomfort caused by vibration of 
the handle was localized around the hand (Figure 4.2). 
(a)  (b) 
(c)  (d) 103 
 
 
Figure 4.2 Posture when sitting with each backrest inclination with the hand on the 
handle for cross reference vibration (i.e. vertical hand vibration so as to determine the 
relative  discomfort  between  sitting  with  each  backrest  inclination:  with  backrest 
inclined at 0 (a), 30 (b), 60 (c) and 90 (d) in Part 3). 
4.2.2  Vibration and signal generation 
The  vibration  signals  were generated  and  sampled  using  HVLab  software  (version 
3.81) and output via a digital-to-analogue converter (PCL-818) at 1000 samples per 
second after low -pass filtering at 40 Hz. 
Single-axis  piezo-resistive  accelerometers  (Entran  Model  EGCSY-240D-10)  were 
attached to the back of the backrest and the base of the handle. Signals from the 
accelerometers  were filtered  at  40  Hz  (via  a Techfilter  anti-aliasing filter)  and  then 
sampled at 1000 samples per second. 
The  background  vibration  on  the  backrest  was  predominantly  caused  by  electrical 
noise at 50 Hz and was imperceptible at a magnitude less than 0.008 ms
-2 r.m.s. 
 
(a)  (b) 
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4.2.3  Vibration stimuli 
All vibration stimuli were sinusoidal with durations of 2 seconds, including 0.25-second 
cosine-tapering at the start and end, which were generated using the cosine function. 
For  both  the  study  of  perception  thresholds  and  the  study  of  discomfort,  the 
frequencies were the 11 preferred one-third octave centre frequencies from 2.5 to 25 
Hz. 
When investigating vibration discomfort in Part 2 (see below), a reference vibration of 
0.15 ms
-2 r.m.s. at 8 Hz was applied to the back. In this part, there were 99 test stimuli 
(in an array of 11 frequencies and 9 magnitudes, from slightly above threshold at each 
frequency and then increasing by 3 dB steps).  
When  investigating  the  relative  discomfort  between  backrest  angles  in  Part  3,  the 
reference vibration at the hand was 2.0 ms
-2 r.m.s. at 8 Hz. The same nine magnitudes 
of 8-Hz vibration were applied to the back as in Part 2.  
When investigating the location of discomfort in Part 4, two magnitudes of vibration 
were applied to the back at each frequency: the middle magnitudes and the greatest 
magnitudes used in Part 2. 
4.2.4  Procedure 
The experiment was conducted in four sessions corresponding to four backrest angles 
(i.e. 0 (upright), 30, 60, and 90 (recumbent), with each session conducted on a 
different  day  and  the  order  of  sessions  balanced  between  subjects.  Each  session 
lasted  less  than  one  hour  and  comprised  four  parts  corresponding  to  four 
psychophysical tests:  
Part 1: Perception thresholds within backrest inclination, 
Part 2: Equivalent comfort contours within backrest inclination, 
Part 3: Relative discomfort between backrest inclinations, and 
Part 4: Location of principal discomfort 
There was a short break between Part 1 and Part 2.  
Subjects  were  requested  to  sit  on  the  seat  with  their  backs  and  heads  leaning 
comfortably against the backrest and headrest and their hands resting on their laps, or 
folded together on top of their stomach when the backrest was inclined to 60 and 90 105 
 
(recumbent). For backrest inclinations of 0, 30, and 60, the feet were supported, 
whereas when recumbent (at 90), the calves were supported.  
Subjects wore headphones presenting masking noise (white noise at 75 dB(A)) and 
held an emergency stop button. They were given written instructions on a board in 
front of them (Appendix C.1). Subjects were trained and had practice trials during their 
first visit to familiarise them with the procedures. 
4.2.4.1 Perception thresholds (Part 1) 
The  up-down  transformed  response  (UDTR)  method  was  employed  to  determine 
absolute thresholds for the perception of x-axis vibration of the back (Wetherill and 
Levitt,  1965).  After  each  presentation  of  a  stimulus,  subjects  were  requested  to 
indicate whether they could feel the vibration by saying ‘yes’ or ‘no’. The magnitude of 
the vibration was increased by 2 dB after each ‘no’ response (i.e. the subject did not 
feel the vibration) and decreased by 2 dB after two consecutive ‘yes’ responses (i.e. 
the subject did feel the vibration) (see Figure 4.3). The procedure was terminated after 
six reversals (3 peaks and 3 valleys). This part was completed in approximately 30 
minutes. 
 
Figure 4.3 Example of trials for perception threshold test: ■ ‘yes’,  ‘no’ response. 106 
 
Thresholds were determined at each frequency from the average of the last two pairs 
of reversals at peaks, pi, and valleys, vi, as suggested by Levitt (1971): 
  

 
3
2
25 0
i
i i v p . threshold   Perception       Equation 4.1 
The method determines thresholds at 70.7% probability of perception (Levitt, 1971).  
4.2.4.2 Equivalent comfort contours within backrest inclination (Part 2) 
Subjects were requested to estimate the magnitude of discomfort, ψ, caused by each 
test stimulus of acceleration magnitude, φ. They made their judgements relative to the 
discomfort caused  by  a  reference  vibration (0.15 ms
-2 r.m.s. at 8 Hz), assumed to 
correspond to a magnitude estimate of 100. The reference stimulus and the test stimuli 
(both  xback  vibration)  were  presented  in  pairs  separated  by  1-second  pauses.  The 
frequencies and magnitudes of the test stimuli were presented in randomized orders. 
This part was completed in approximately 20 minutes. 
The method of magnitude estimation (Stevens, 1975) was employed in tandem with 
the modified Stevens’ power law (Equation 4.2) to determine a series of equivalent 
comfort contours within each backrest angle. The inclusion of the additive constant, φ0, 
the absolute threshold of perception for the subject as determined in Part 1, was used 
to reduce bias at low magnitudes (Gescheider, 1976). 
ψ = k(φ - φ0)
n          Equation 4.2 
4.2.4.3 Relative discomfort between backrest inclinations (Part 3) 
The  method  was  similar  to  that  used  in  Part  2,  except the  subjects  estimated  the 
discomfort caused by nine levels (0.04 to 0.6 ms
-2 r.m.s.) of 8-Hz vibration of the back 
relative to the discomfort cause by a reference magnitude of vibration at the hand (2.0 
ms
-2  r.m.s.  8-Hz  vertical  vibration).  This  part  was  completed  in  approximately  3 
minutes. 
4.2.4.4 Location of discomfort (Part 4) 
The  middle  magnitudes  and  the greatest  magnitudes  of  backrest  vibration  used  at 
each  frequency  in  Part  2  were  presented  again  in  a  randomised  order.  After 
experiencing each vibration, the subjects were requested to indicate the location of 
most discomfort in their body according to body map displayed in front of them. 107 
 
4.2.5  Subjects 
Using a within-subject experimental design, 12 male subjects participated in all four 
sessions of the experiment. Subjects had a mean age of 27.8 (SD: 4.7) years, a mean 
stature of 1.72 (SD: 7.1) m, and a mean weight of 66.7 (SD: 14.9) kg (see Appendix 
B.1). The subjects were students and staff of the University of Southampton and were 
healthy with no history of any serious illness, injury, or disability that might impair their 
judgement of vibration sensations. 
The  experiment  was  approved  by  the  Human  Experimentation  Safety  Ethics 
Committee  of  Institute  of  Sound  and  Vibration  Research  at  the  University  of 
Southampton  at  the  University  of  Southampton.  All  subjects  gave  their  voluntary 
consent prior to each session. 
4.3  RESULTS 
4.3.1  Perception thresholds (Part 1) 
4.3.1.1 Effect of vibration frequency 
The median absolute thresholds for the perception of x-axis vibration of the back with 
each backrest inclination are presented in Table 4.1. Within each of the four backrest 
inclinations, absolute thresholds for vibration perception varied significantly with the 
frequency of vibration (p<0.001, Friedman; Figure 4.4).  
Table  4.1  Median  exponents  (n),  constants  (k)  and  absolute  thresholds  for  the 
perception (φ0) of x-axis vibration of the back with the backrest inclined at 0 (upright), 
30, 60 and 90 (recumbent). 
f  Exponent (n)    Constant (k)    Thresholds (φ0) 
  0  30  60  90    0  30  60  90    0  30  60  90 
2.5  0.804  0.755  0.897  0.885    380.4  414.2  447.6  537.9    0.016  0.017  0.014  0.017 
3.15  0.805  0.732  0.780  0.685    305.3  353.9  359.5  318.5    0.020  0.023  0.023  0.025 
4  0.623  0.897  0.779  0.692    247.7  334.0  303.2  309.5    0.025  0.026  0.030  0.034 
5  0.679  0.827  0.730  0.679    282.3  357.9  316.7  305.2    0.020  0.028  0.031  0.040 
6.3  0.728  0.879  0.935  0.805    270.0  337.0  371.5  346.7    0.019  0.028  0.031  0.037 
8  0.687  0.804  0.827  0.785    349.3  341.3  413.2  351.5    0.018  0.025  0.027  0.028 
10  0.834  0.774  0.945  0.696    369.7  466.7  489.8  401.4    0.018  0.022  0.022  0.024 
12.5  0.784  0.732  0.880  0.840    345.5  314.9  562.3  524.8    0.024  0.026  0.024  0.030 
16  0.915  0.806  1.125  0.734    402.7  292.1  522.8  316.2    0.030  0.033  0.034  0.034 
20  0.690  0.870  0.912  0.619    226.6  311.5  305.6  250.7    0.035  0.044  0.039  0.048 
25  0.670  0.858  0.812  0.742    180.  264.2  239.6  231.8    0.043  0.041  0.040  0.051 
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Figure 4.4  Medians and inter-quartile-ranges of absolute thresholds for the perception 
of x-axis vibration of the back with each of the four backrest inclinations. 
4.3.1.2 Effect of backrest inclination 
The acceleration thresholds were significantly dependent on backrest inclination at 4, 
5, 6.3, and 8 Hz (Figure 4.5; p<0.05, Friedman). Multiple comparisons between each 
of the six possible pairs of backrest inclinations were then performed with an adjusted 
criterion  of  0.008  for  statistical  significance  (p=0.05/6=0.008).  The  acceleration 
threshold was  significantly different between  a 90  backrest inclination (recumbent) 
and 0 inclination (upright) at all frequencies between 4 and 8 Hz (p<0.008, Wilcoxon), 
between 60 and 0 at 6.3 Hz (p=0.006, Wilcoxon), and between 90 and 30 at 5 Hz 
(p=0.003, Wilcoxon). 109 
 
 
Figure 4.5 Comparison between median absolute thresholds for the perception of x-
axis vibration of the back with each of the four backrest inclinations. 
4.3.2  Equivalent comfort contours within backrest inclination (Part 2) 
4.3.2.1 Rate of growth of discomfort 
For each subject and within each backrest inclination, linear regression was performed 
at each frequency between the logarithm of the discomfort, ψ, and the logarithm of the 
acceleration magnitude of the test stimulus, φ:  
log10 ψ = n log10(φ - φ0) + log10 k       Equation 4.3 
The individual rates of growth of discomfort, n, and the constant, k, were determined 
from  the  slopes  and  intercepts  and  used  to  derive  individual  equivalent  comfort 
contours at nine levels of discomfort from ψ  = 40 to ψ = 250 (relative to 100 with 0.15 
ms
-2 r.m.s. of 8-Hz x-axis  back vibration). 
The rates of growth of discomfort did not differ significantly with the frequency of the 
vibration within any backrest inclination (Figure 4.6; p>0.098, Friedman).  110 
 
 
Figure  4.6  Medians  and  inter-quartiles  rates  of  growth  of  discomfort  from  twelve 
individual linear regressions (of the 12 subjects) based on the modified Stevens’ power 
law. 
4.3.2.2 Equivalent comfort contours 
Using Equation 4.2 with the individual values of n and k at each frequency from linear 
regression of the data in Part 2, and the individual perception thresholds, φ0, at each 
frequency in Part 1, individual equivalent comfort contours were constructed for each 
of the nine levels of discomfort (for ψ =40 to 250). The median equivalent comfort 
contours for each of the four backrest inclinations were then calculated from the 12 
individual contours (Figure 4.7).  111 
 
 
Figure 4.7 Median equivalent comfort contours at nine sensation magnitudes (ψ = 40 
to 250) within each of four backrest inclinations: indicating the x-axis vibration of the 
back required to produce discomfort equivalent to 40% to 250% of that produced by 8-
Hz x-axis vibration of the back at 0.15 ms
-2 r.m.s.; the upper and lower limits of test 
stimuli  used  in  the  test;  median  absolute  thresholds  for  the  perception  of  x-axis 
vibration of the back. 
As expected, within each backrest inclination, the equivalent comfort contours for all 
sensation magnitudes varied significantly with frequency (p<0.05, Friedman).  
4.3.3  Relative discomfort between backrest inclinations (Part 3) 
Within each backrest inclination, an equivalent comfort contour was constructed for 
each subject so that each point on the contour indicated the acceleration of x-axis 
vibration of the back required to produce discomfort corresponding to a magnitude 112 
 
estimate of 100 (as produced by the common reference vibration of 8-Hz vertical hand 
vibration at 2.0 ms
-2 r.m.s.). This was achieved by comparing magnitude estimates of 
8-Hz  x-axis  backrest  vibration  obtained  within  each  backrest  inclination  with  the 
discomfort  caused  by  the  common  reference  vibration.  The  acceleration  of  x-axis 
vibration of the back that produced a magnitude estimate of 100 with the common 
reference, together with the individual n and k values, were substituted into Equation 
4.2 to construct an equivalent comfort contour at the same sensation magnitude for 
each  of  the  four  backrest  inclinations  (i.e.  at  a  sensation  magnitude  of  100).  The 
differences in the vibration magnitudes required with each backrest inclination at each 
frequency  can  be  seen  in  the  medians  of  the  12  individual  ‘rescaled’  equivalent 
comfort contours shown in Figure 4.8. 
 
Figure 4.8 Median rescaled equivalent comfort contours for each backrest inclination 
to  illustrate  the  relative  discomfort  between  sitting  with  four  different  backrest 
inclinations: each point on the contours indicates the acceleration of x-axis vibration of 
the back required to produce discomfort equivalent to that produced by 8-Hz vertical 
hand vibration at 2.0 ms
-2 r.m.s. (i.e. the common reference vibration). 
The rescaled equivalent comfort contours (i.e. relative discomfort) were significantly 
dependent on backrest angle at 8 Hz (p=0.006, Friedman): the vibration magnitude 
required  to  cause  discomfort  with  x-axis  vibration  of  the  upright  backrest  was 
significantly less than required with the inclined backrests. There were no significant 
differences between the contours with the three inclined backrests (p>0.05, Wilcoxon). 113 
 
4.3.4  Location of discomfort (Part 4) 
At all frequencies and with all backrest inclinations, subjects generally felt vibration 
discomfort in either their upper back or lower back, although a few felt vibration at the 
head,  neck  or  shoulder,  particularly  at  high  frequencies.  There  were  similar 
distributions of discomfort in the body at both vibration magnitudes (Figure 4.9).   
 
Figure 4.9 Principal locations of discomfort arising from exposure to x-axis vibration of 
the back at the middle and highest vibration magnitudes. The locations are based on 
the body map. 
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4.4  DISCUSSION 
4.4.1  Perception thresholds 
4.4.1.1 Effect of frequency 
The  vibration  acceleration  thresholds  decreased  at  frequencies  less  than  4  Hz, 
implying greatly increased sensitivity to low frequency vibration (Figure 4.4). It seems 
likely this arose from the perception of relative motion between the moving backrest 
and the stationary seat. From 2.5 to 4 Hz, the rate of change is greater than 6 dB per 
octave, and close to 12 dB per octave with both 60 and 90 backrest inclinations, 
corresponding  to  constant  relative  displacement.  A  similar  phenomenon  has  been 
observed with vibration of the seat and feet, where discomfort depends on the phase 
between the vertical motion of the feet and the vertical motion of the seat (Jang and 
Griffin, 1999; Jang and Griffin, 2000).  
At frequencies between 10 and 25 Hz, the acceleration thresholds tend to increase at 
about 6 dB per octave, corresponding to approximately constant velocity.  
4.4.1.2 Effect of backrest inclination 
Over the frequency range 4 to 8 Hz, thresholds decreased as the backrest inclination 
decreased  (Figure  4.5).  This  frequency  range  coincides  with  principal  resonance 
frequencies evident in the fore-and-aft apparent mass of the back when sitting upright 
(Abdul  Jalil  and  Griffin,  2008;  Nawayseh  and  Griffin,  2005),  and  in  the  vertical 
apparent mass of the back when fully recumbent (Huang and Griffin, 2008a). The ratio 
of the apparent mass at resonance to the apparent mass at low frequencies (i.e. static 
mass) was greater when sitting with an upright backrest than when lying supine, by an 
approximately 3 and 1.5 respectively (Nawayseh and Griffin, 2005; Huang and Griffin, 
2008a).  It  seems  reasonable  to  suppose  that  the  greater  amplification  of  vibration 
when  sitting  with  an  upright  backrest  may  have  been  responsible  for  the  greater 
sensitivity with the vertical backrest than when lying supine.  
4.4.1.3 Comparison with previous studies 
With an upright backrest, the frequency-dependence of the acceleration thresholds in 
the present study is similar to that obtained by Gallais et al. (unpublished), although 
the thresholds are slightly higher (Figure 4.10). Gallais et al. used the method of limits 
with slightly longer duration stimuli (3 seconds) and detected thresholds with a 50% 115 
 
probability. Morioka and Griffin (2002) have shown that the different psychophysical 
methods  produce  differences  in  vibration  thresholds  (e.g.  by  3  to  6  dB).  The 
frequency-dependence of the present thresholds is also consistent with the shape of 
an equivalent comfort contour equivalent to 50% of the discomfort caused by 0.315 
ms
-2 r.m.s. 10-Hz fore-and-aft vibration of a full upright backrest (Figure 4.10; Morioka 
and Griffin, 2010a). 
 
Figure  4.10  Comparison  with  previous  studies  on  absolute  thresholds  for  the 
perception of x-axis vibration of the back with an upright backrest (i.e. at 0). 
With the backrest at 90 (recumbent), the absolute thresholds can be compared with 
thresholds for the perception of vertical (i.e.  x-axis)  whole-body  vibration  of  supine 
recumbent subjects (e.g. Parsons and Griffin, 1988; Miwa et al., 1984; Yonekawa et al., 
1999) (Figure 4.11). At frequencies greater than 5 Hz, the frequency-dependence of 
the  thresholds  in  the  present  study  is  broadly  consistent  with  the  frequency-
dependence of thresholds for supine subjects, although the thresholds are about 6 dB 
higher than those reported by Miwa et al. (1984) and Yonekawa et al. (1999) and 
about 3 dB higher than those reported by Parsons and Griffin (1988). Studies with 
supine subjects have involved whole-body vibration and may reflect sensitivity of body 116 
 
parts other than the back studied here. Different body parts may be expected to have 
different sensitivities (Miwa and Yonekawa, 1969) and may be maximally sensitive to 
vibration  at  different  frequencies  (Parsons  and  Griffin,  1988).  The  different 
psychophysical  methods  used  in  these  studies  may  also  have  contributed  to  the 
differences in thresholds. Miwa et al. (1984) used the method of limits with 10-s stimuli 
whereas both Yonekawa et al. (1999) and Parsons and Griffin (1988) used the method 
of  adjustment.  At  low  frequencies,  the  increased  sensitivity  to  backrest  vibration 
evident in the thresholds of the present study is likely to have arisen from relative 
motion between the vibrating back and the stationary seat or stationary headrest.  
 
Figure  4.11  Comparison  between  absolute  thresholds  for  the  perception  of  x-axis 
vibration of the back with the backrest inclined at 90 (recumbent) and the perception 
of vertical whole-body vibration of recumbent persons. 
4.4.2  Vibration discomfort 
4.4.2.1 Effect of frequency 
With  an  upright  backrest  (i.e.  0  inclination),  the  shape  of  the  equivalent  comfort 
contour (for ψ = 100) is broadly similar to that reported in previous studies with fore-117 
 
and-aft vibration of full-height upright backrests (Parsons et al., 1982; Kato and Hanai, 
1998; Morioka and Griffin, 2010a) (Figure 4.12). The discomfort caused by vibration 
acceleration tends to be greatest at frequencies less than about 8 Hz with sensitivity to 
acceleration roughly independent of frequency. At frequencies less than 3.15 or 4 Hz, 
there  is  evidence  of  a  reduction  in  the  acceleration  (corresponding  to  increased 
discomfort), as seen in Figure 4.7 and similarly exhibited in the contours of Parsons et 
al.  (1982)  and  Morioka and  Griffin  (2010a),  suggesting  a  contribution  from  relative 
motion between the moving backrest and the stationary seat pan used in these studies. 
The use of a stationary headrest in the present study may have stimulated a more 
upright upper-body posture. This may have increased contact with the backrest and 
produced more discomfort at frequencies greater than 8 Hz than in some previous 
studies. 
 
Figure 4.12 Comparison between equivalent comfort contours for x-axis vibration of 
the  back  with  an  upright  backrest  using  different  methods  and  different  reference 
vibrations and the frequency weighting Wc (inverted). 118 
 
With  inclined  backrests  (i.e.  30,  60,  and  90  inclinations),  the  shapes  of  the 
equivalent comfort contours are broadly similar (Figure 4.8). The frequency at which 
acceleration  caused  greatest  discomfort  was  around  10  or  12.5  Hz,  with  an 
approximately constant velocity response at higher frequencies and constant jerk (-6 
dB per octave) at frequencies between about 5 and 10 Hz. At frequencies less than 5 
Hz,  discomfort  increased  with  decreasing  frequency,  suggesting  relative  motion 
contributed to discomfort, as with the upright backrest. 
4.4.2.2 Effect of vibration magnitude 
Within  each backrest  inclination, there  was no statistical evidence of  a  magnitude-
dependence in the equivalent comfort contours over the range of vibration magnitudes 
investigated  (0.04  to  0.6  ms
-2  r.m.s.).  The  rate  of  growth,  n,  was  independent  of 
frequency and so the equivalent comfort contours are almost parallel to each other 
(Figure  4.7).  Morioka  and  Griffin  (2010a)  reported  a  magnitude-dependence  in 
equivalent  comfort  contours  for  fore-and-aft  backrest  vibration  at  frequencies 
associated with the 4 to 6 Hz resonance in fore-and-aft apparent mass of the back 
(Abdul Jalil and Griffin, 2008). With a much wider range of vibration magnitudes (0.08 
to  1.25 ms
-2  r.m.s.),  Morioka  and Griffin  (2010a)  found the frequencies  of  greatest 
discomfort  reduced  with  increasing  magnitude  of  vibration,  consistent  with  the 
nonlinearity in the apparent mass of the back. The difference with the present study 
might  be  explained  by  the  nonlinearity  in  the  apparent  mass  of  the  back  being 
insufficient  to  cause  a  large  change  over  the  range  of  lower  magnitude  vibration 
studied here (i.e. 0.04 to 0.6 ms
-2 r.m.s.).   
4.4.2.3 Effect of backrest inclination 
The effect of backrest inclination on the discomfort caused by x-axis vibration of the 
back was only statistically significant at 8 Hz. However, there was a consistent trend 
for greater sensitivity to vibration with the upright backrest (0° inclination) between 4 
and 8 Hz, with 30 to 40% less vibration needed to cause discomfort with an upright 
backrest at these frequencies. This is partly consistent with the findings of Kato and 
Hanai (1998) over the same frequency range. However, at frequencies greater than 10 
Hz, they found that seating inclined by 20 and 40 required 40 to 50% less vibration to 
produce the same discomfort as with an upright backrest. The present study found no 
significant  differences  at  frequencies  greater  than  10  Hz,  although  there  was  an 
apparent increase in the frequency of greatest discomfort from 8 Hz with the upright 
backrest to 10 or 12.5 Hz with inclined backrests. With inclined seating, the frequency 119 
 
of  acceleration  causing  greatest  discomfort  was  broadly  similar  to  the  second 
resonance in transmissibility from a back support to the sternum (a primary resonance 
around 6.25 Hz and a secondary resonance between 12 and 14 Hz) during vertical 
vibration of the supine body (Huang and Griffin, 2009). 
4.4.3  Frequency weightings 
The acceleration thresholds shown in Figure 4.4 and the equivalent comfort contours 
(for ψ  = 40 to 250) shown in Figure 4.7 were normalised relative to 1.00 at 8 Hz and 
then inverted and compared with the asymptotic forms of the frequency weightings Wb 
and Wc as defined in BS 6841 (Figure 4.13). 
 
Figure  4.13  Acceleration thresholds and equivalent comfort contours (inverted and 
normalised to unity at 8 Hz) compared with frequency weightings Wb and Wc. 120 
 
For  the  upright  backrest,  the  weightings  seem  reasonably  similar  to  Wc,  where 
sensitivity to vibration acceleration is roughly independent of frequency at frequencies 
less than 8 Hz and decreases as the frequency increases above 8 Hz. The present 
results suggest discomfort would be slightly overestimated at frequencies less than 8 
Hz and slightly underestimated at frequencies greater than 8 Hz when using Wc, but 
any difference with previous studies may be due to differences in support for the back 
and the head.  
For the backrests inclined by 30, 60, and 90, the weightings seem more similar to 
weighting  Wb  than  weighting  Wc  at  frequencies  greater  than  8  Hz.  The  increased 
sensitivity at frequencies less than about 4 Hz is not predicted by either frequency 
weightings,  and  may  not  be  needed  unless  there  is  relative  motion  between  the 
backrest and the seat or headrest. 
The application of the results presented here should recognise that other factors may 
influence  the  dependence  of  vibration  thresholds  and  vibration  discomfort  on  the 
frequency  of  vibration  and  the  inclination  of  a  backrest.  For  example,  differences 
between subjects, including gender and the extremes of age and body size beyond 
those included in the study may modify the perception of vibration and the discomfort it 
causes.  
4.5  CONCLUSIONS 
The frequency-dependence of equivalent comfort contours for low magnitudes of fore-
and-aft  vibration  of  an  upright  backrest  have  a  similar  frequency-dependence  to 
absolute  thresholds  for  vibration  perception.  A  single  frequency  weighting,  Wc  as 
recommended in current standards, seems adequate. 
With backrests inclined by 30, 60, or 90, the frequency-dependence of the threshold 
for vibration perception and vibration discomfort changes to a shape more similar to 
frequency weighting Wb.   
Relative  motion  between  a  backrest  and  other  body  supports  can greatly  increase 
sensitivity to vibration at low frequencies (e.g. less than about 4 Hz). 
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Chapter 5           
  PERCEPTION  AND  DISCOMFORT  OF  VIBRATION  APPLIED 
PARALLEL TO THE BACK IN THE Z-AXIS OF THE BODY  
PERCEPTION  AND  DISCOMFORT  OF  VIBRATION 
APPLIED PARALLEL TO THE BACK IN THE Z-AXIS OF 
THE BODY  
5.1  INTRODUCTION 
Many seats have backrests that can be adjusted to a preferred inclination. In a static 
environment this involves finding the inclination giving greatest ‘static comfort’, but in 
transport a change in the backrest inclination may be expected to alter the vibration 
transmitted  to  the  body  and  the  vibration  discomfort,  or  ‘dynamic  discomfort’. 
Optimising the dynamic comfort of a seat for a range of backrest inclinations requires 
understanding of the dynamic characteristics of the seat pan and the seat backrest 
and the sensitivity of people to vibration at the seat pan and at the seat backrest.  
The discomfort caused by vibration depends on the frequency and the direction of the 
vibration  and  the  location  of  contact  with  the  vibration  (e.g.  the  seat  pan  or  the 
backrest). Frequency weightings have been standardised to assist the reporting of the 
likely discomfort caused by vibration occurring in each direction and at each location 
(BS 6841:1987; ISO 2631-1:1997). These include frequency weightings for vibration of 
the back, but the weightings were based on limited experimental data obtained from 
subjects sitting with upright backrests. The frequency-dependence of the discomfort 
caused by the vibration of a backrest may be expected to change as the backrest is 
inclined. In part, this is because the static force applied to the back will increase as the 
backrest inclines and the biodynamic response of the body may change. Additionally, 122 
 
vertical vibration of a backrest is in the z-axis of the body when the backrest is vertical, 
partly in the z-axis and partly in the x-axis of the body when the seat is inclined, and 
entirely in the x-axis of the body when the backrest is fully reclined. The convention in 
current  standards  assumes  that  the  same  frequency  weighting  is  applicable  to 
vibration  applied  to  the  body  irrespective  of  the  orientation  of  the  body.  So  z-axis 
vibration of the back (i.e. vibration in the longitudinal direction of the body) might be 
evaluated with the same frequency weighting irrespective of whether the backrest is 
vertical (caused by vertical vibration), or fully reclined (caused by horizontal vibration).  
British Standard 6841 (1987) and International Standard 2631-1 (1997) advocate the 
use of the Wc frequency weighting for evaluating x-axis backrest vibration and the Wd 
frequency  weighting  for  evaluating  z-axis  backrest  vibration.  The  Wc  and  the  Wd 
weightings  were  developed  from  equivalent  comfort  contours  for  fore-and-aft  and 
vertical  vibration  of  an  upright  backrest  over  the  frequency  range  2.5  to  63  Hz 
(Parsons et al., 1982). When a backrest is inclined at 20 or 40 from vertical, it has 
been reported that the Wc weighting underestimates the discomfort caused by x-axis 
vibration of the back at frequencies greater than 8 Hz and overestimates discomfort at 
lower  frequencies  (Kato  and  Hanai,  1998).  The  frequencies  at  which  x-axis 
acceleration of the back cause greatest discomfort appears to shift from less than 8 Hz 
with an upright backrest to around 10 or 12.5 Hz with a backrest inclined between 30 
and fully reclined (Basri and Griffin, 2011a). The shift in frequencies was attributed to 
differences in body resonances previously observed between the extreme postures: 
resonance between 4 and 8 Hz in the fore-and-aft apparent mass of the back when 
seated  upright  (Abdul  Jalil  and  Griffin,  2008;  Nawayseh  and  Griffin,  2005)  and 
resonance  between  8  and  12  Hz  in  the  vertical  apparent  mass  when  semi-supine 
(Huang and Griffin, 2008a).  
There is no known study of the effect of backrest inclination on equivalent comfort 
contours for z-axis vibration of the back. For an upright backrest, the z-axis vibration 
acceleration required to cause similar discomfort at all frequencies seems to increase 
at approximately 6 dB per octave from 2.5 to 63 Hz (i.e. the same vibration velocity at 
all  frequencies)  (Parsons  et  al.,  1982).  A  similar  constant  velocity  trend  has  been 
reported in thresholds for the perception of longitudinal horizontal vibration of the back 
in recumbent persons (Miwa and Yonekawa, 1969). In equivalent comfort contours for 
recumbent people, there is a trend for a similar (i.e. velocity constant) contour except 
at frequencies less than about 3 Hz, where the response might be approximated as 
constant  acceleration  (Miwa  and  Yonekawa,  1969;  Szameitat  and  Dupuis,  1976; 123 
 
Gibson,  1978),  consistent  with  increased  sensitivity  due  to  a  resonance  in  the 
longitudinal horizontal apparent mass of the supine body (Huang and Griffin, 2008b). 
The biodynamic responses of the body that influence the frequency-dependence of 
subjective responses to vibration may be expected to depend on the inclination of a 
backrest. It was therefore hypothesised that both thresholds for the perception of z-
axis vibration of the back and equivalent comfort contours for z-axis vibration of the 
back would depend on the frequency of vibration and the backrest inclination. 
The  main  objectives  of  the  study  reported  here  were  to  test  the  hypotheses,  to 
understand the findings, and to determine useful perception thresholds and equivalent 
discomfort contours. The study was comprised of four parts designed to determine: (i) 
absolute thresholds for the perception of z-axis vibration of the back at frequencies 
between 2.5 and 25 Hz with each of four backrest inclinations (0, 30, 60, and 90); 
(ii) the rate of growth of vibration discomfort at each frequency so as to determine 
equivalent comfort contours within each backrest inclination; (iii) the relative discomfort 
between the four backrest inclinations; (iv) the location of principal discomfort in the 
body caused by each frequency of vibration. 
5.2  METHOD 
5.2.1  Apparatus 
The apparatus comprised a vibrating backrest with a stationary seat-pan, a stationary 
footrest (or support for the calves when recumbent), and a stationary headrest. The 
rigid wooden backrest (350 mm high by 310 mm wide) was attached to the table of a 
Derritron VP 85 vibrator so as to provide backrest vibration in the z-axis of the back 
(zback) for all backrest inclinations (i.e. in the vertical direction with an upright backrest 
(0), in the longitudinal horizontal direction when recumbent (90) – Figure 5.1). The 
inclination of the backrest was adjustable to 0 (upright), 30, 60, and 90 (recumbent) 
by rotating the vibrator within a trunnion. With each backrest inclination, the height of 
the seat-pan, the angle and height of the footrest and the position of the headrest were 
adjusted to a comfortable sitting posture for a 50
th percentile British male aged 19-45 
years (Pheasant, 1990). The positions were achieved using an H-point manikin with 
knee  and  ankle  angles  set  to  120  and  100,  respectively.  The  sitting  height  was 
adjusted so that contact between the back and the backrest was mostly at the upper 
back,  with  no  contact  around  the  lumbar  and  pelvic  regions.  The  backrest  and 124 
 
headrest were covered with 1-mm thick neoprene rubber to provide friction between 
the supports and the body. 
 
Figure 5.1 Test rig setup for z-axis vibration of the back with different backrest angles: 
(a) upright backrest (0), (b) inclined backrests (e.g. 30), (c) fully reclined backrest 
(90). The posture of the hand on the handle bar for common reference (i.e. vertical 
hand vibration) within each backrest angles are shown beneath. 
Vertical  vibration  of  the  hand  (used  to  provide  a  common  reference  for  subjective 
assessments – see below), was produced by a cylindrical wooden handle (3.18-cm 
diameter and 12-cm long) attached to a vertically-oriented Derritron VP4 vibrator. To 
maintain a similar posture of the hand with all postures and subjects, the location and 
height  of  the  handle  were  adjusted  accordingly  (Figure  5.1).  It  was  considered 
important to maintain the upper-arm and forearm with a slight bend (about 90 to 120 
degrees) so as to minimise the transmission of hand vibration to the shoulders and 
localise the principal discomfort caused by hand vibration to the area around the hand 
with all backrest inclinations. 
5.2.2  Vibration and signal generation 
The  vibration  signals  were generated  and  sampled  using  HVLab  software  (version 
3.81) and low-pass filtered at 40 Hz before output via a digital-to-analogue converter 
(PCL-818) at 1000 samples per second. 
Single-axis  piezo-resistive  accelerometers  (Entran  Model  EGCSY-240D-10)  were 
used: two accelerometers were attached perpendicular and parallel to the surface of 
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the back of the backrest and one accelerometer was attached on to the base of the 
wooden  handle.  Signals  from  the  accelerometers  were  filtered  at  40  Hz  (via  a 
Techfilter anti-aliasing filter) and then sampled at 1000 samples per second. 
The background vibration was predominantly caused by electrical noise at 50 Hz and 
was imperceptible at a magnitude less than 0.011 ms
-2 r.m.s. in the z-axis direction of 
the back on the backrest. 
5.2.3  Vibration stimuli 
The vibration stimuli were all 2-second duration sinusoidal vibrations (with 0.25-second 
cosine-tapering  at  the  start  and  end,  at  the  11  preferred  one-third  octave  centre 
frequencies from 2.5 to 25 Hz. 
Backrest vibration (8 Hz at 0.65 ms
-2 r.m.s.) was used as a reference stimulus when 
studying discomfort within backrest inclinations (Part 2) and applied in the z-axis of the 
back (i.e. in the longitudinal axis of the body, parallel to the surface of the back). For 
each  of  the  four  backrest  inclinations  there  were  99  test  stimuli:  an  array  of  11 
frequencies (2.5 to 25 Hz) and nine magnitudes (0.2 to 3.23 mm.s
-1 r.m.s. in 3 dB 
steps). 
Vertical  vibration  of  the  hand  (8  Hz  at  2.0  ms
-2  r.m.s.)  was  used  as  a  reference 
stimulus when studying the relative discomfort between backrest inclinations (Part 3). 
The test stimuli were the same nine magnitudes of 8-Hz vibration applied to the back 
in Part 2.  
The stimuli for investigating the location of discomfort (in Part 4) were the middle and 
greatest magnitudes of each frequency applied to the back in Part 2. 
5.2.4  Procedure 
The  experiment  was  conducted  in  four  sessions  corresponding  to  sitting  with  four 
different  backrest  inclinations  (i.e.  0,  30,  60,  and  90).  Using  a  within-subject 
experimental design, each subject attended all four sessions on four different days in a 
balanced  order  between  subjects.  Each  session  composed  of  four  psychophysical 
tests and lasted no more than an hour:  
Part 1: Perception thresholds within each backrest inclination, 
Part 2: Equivalent comfort contours within backrest inclination, 126 
 
Part 3: Relative discomfort between backrest inclinations, and 
Part 4: Location of discomfort 
There was a short break between Part 1 and Part 2.  
Subjects sat comfortably on the seat pan with their backs and heads supported by the 
backrest  and  the  headrest  in  all  conditions  except  with  an  upright  backrest.  No 
headrest was provided with an upright backrest to allow natural contact of the upper 
back with the backrest.  Subjects were requested to maintain contact of their upper 
back with the backrest throughout the test, with their hands resting on their laps, or 
folded together on top of their stomach when the backrest was inclined to 60 and 90 
(recumbent). For backrest inclinations of 0, 30, and 60, the feet were supported, 
whereas when recumbent (at 90), the calves were supported.  
Subjects wore earphones presenting white noise at 75 dB(A) and were provided with 
an emergency stop button. Written instructions were placed on a board in front of them 
(see Appendix C.2). Subjects were trained and practiced with several trials during their 
first visit to confirm their understanding on the procedures. 
5.2.4.1 Perception thresholds (Part 1) 
Subjects were presented with stimuli in a period indicated by the illumination of a cue 
light on the instruction board placed in front of them. They were required to respond by 
saying either ‘yes’ or ‘no’ when the cue light went off so as to indicate whether they 
had felt the vibration. The perception thresholds were determined using 1-up and 2-
down procedure of the up-down transformed response (UDTR) method (Levitt, 1971). 
The level of the vibration was increased after each ‘no’ response, and decreased after 
two  consecutive  ‘yes’  responses,  by  2  dB.  The  procedure  was  repeated  for  six 
reversals (i.e. until 3 peaks and 3 valleys had been obtained). Perception thresholds 
were calculated for each frequency from the average of the last two mid-runs (Figure 
5.2;  Levitt,  1971).  The  procedure  determines  thresholds  at  70.7%  probability  of 
perception (see Section 3.4.1.1, Table 3.5).  127 
 
 
Figure  5.2  Example  trial  of  perception  threshold  test,  showing  peaks  and  valleys 
formed as a result of one ‘no’ response and two consecutive ‘yes’ responses (1-up and 
2-down algorithm). 
5.2.4.2 Equivalent comfort contours within backrest inclination (Part 2) 
Using the method of magnitude estimation, subjects estimated the magnitude of their 
discomfort, ψ, caused by each test stimulus of acceleration magnitude, φ. They judged 
their discomfort relative to the discomfort caused by the reference stimulus (8-Hz at 
0.65  ms
-2  r.m.s.),  assumed  to  correspond  to  a  magnitude  estimate  of  100.  The 
reference stimulus and the test stimuli (both zback vibration) were presented in pairs 
separated by 1-second pauses. The frequencies and magnitudes of the test stimuli 
were presented in randomized orders. This part was completed in approximately 20 
minutes. 
The  method  of  magnitude  estimation  was  employed  in  conjunction  with  Stevens’ 
power law (Equation 5.1) to determine a series of equivalent comfort contours within 
each backrest angle (Stevens, 1975): 
ψ(f) = k φ(f)
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The exponent, n, and constant, k, were determined at each frequency, f, by linear least 
squares and subsequently used to construct equivalent comfort contours for sensation 
magnitudes from ψ = 40 to ψ = 250. 
5.2.4.3 Relative discomfort between backrest inclinations (Part 3) 
Using a method similar to that employed in Part 2, subjects estimated the magnitude 
of  discomfort  caused  by  each  test  stimulus  presented  to  their  back  relative  to  the 
discomfort  caused  by  the  common  reference  stimulus  (8-Hz  at  2.0  ms
-2  r.m.s.) 
presented to the hand. The test stimuli were nine levels of 8-Hz z-axis vibration of the 
back presented in Part 2.  This part was completed in approximately 3 minutes. 
5.2.4.4 Location of discomfort (Part 4) 
Subjects were requested to indicate the part of their body that felt the most discomfort 
on a body map (see Appendix C.2) displayed in front of them after being presented 
with each stimulus. There were 22 stimuli (the middle and greatest magnitudes of the 
11 frequencies of z-axis vibration of the backrest presented in Part 2) presented in 
random order. This part was completed in approximately 5 minutes. 
5.2.5  Subjects 
Twelve male subjects participated in all four sessions of the experiment. Subjects had 
a mean age of 26.2 (SD: 5.3) years, a mean stature of 1.73 (SD: 5.2) m, and a mean 
weight of 66.3 (SD: 8.4) kg (see Appendix B.2). The subjects were students and staff 
of  the  University  of  Southampton  and  were  healthy  with  no  history  of  any  serious 
illness, injury, or disability that might impair their judgement of vibration sensations. 
The  experiment  was  approved  by  the  Human  Experimentation  Safety  Ethics 
Committee  of  the  Institute  of  Sound  and  Vibration  Research  at  the  University  of 
Southampton  at  the  University  of  Southampton.  All  subjects  gave  their  voluntary 
consent prior to each session. 
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5.3  RESULTS 
5.3.1  Perception thresholds (Part 1) 
The absolute thresholds for the perception of z-axis vibration of the backrest varied 
with  frequency  within  all  backrest  inclinations  (p<0.001,  Friedman;  Figure  5.3  and 
Table 5.1). 
 
Figure 5.3 Median and inter-quartile ranges of absolute thresholds for perception with: 
(a) upright backrest (0), and comparison with (b) backrest inclined at 30, (c) 60 and 
(d) fully reclined backrest (90) 
The  absolute  thresholds  for  the  perception  of  vibration  were  not  significantly 
dependent on backrest inclination at any frequency (p>0.05, Friedman; Figure 5.3).  
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Table 5.1 Median exponent (n), constant (k) and absolute threshold (φ0) for perception 
of z-axis vibration of the back with upright backrest (0), backrest inclined at 30 and 
60 and fully reclined backrest (90 or recumbent). Median equivalent comfort contours 
can be constructed from the median n and k and are similar to the median equivalent 
comfort  contours  calculated  from  the  12  individual  equivalent  comfort  contours  as 
shown in Figure 5.5. 
Freq    Exponent (n)    Constant (k)    Thresholds (φ0) 
(Hz)    0  30  60  90    0  30  60  90    0  30  60  90 
2.5    0.918  0.799  1.058  1.028    284.1  255.1  312.8  322.9    0.015  0.025  0.023  0.024 
3.15    0.759  0.813  0.885  1.158    177.4  237.3  265.0  323.3    0.020  0.027  0.032  0.034 
4    0.777  0.755  0.798  0.794    156.6  172.2  188.2  204.9    0.035  0.044  0.033  0.043 
5    0.911  0.784  0.794  0.747    139.3  150.2  160.8  161.6    0.035  0.054  0.035  0.041 
6.3    0.952  0.884  0.851  0.934    115.9  110.1  130.3  124.8    0.053  0.055  0.048  0.050 
8    0.907  0.757  0.755  0.814    88.95  106.6  117.9  98.6    0.058  0.073  0.063  0.069 
10    0.771  0.799  0.792  0.958    82.3  98.5  99.1  82.9    0.079  0.087  0.063  0.073 
12.5    0.685  0.825  0.845  1.012    76.6  82.0  89.4  76.1    0.114  0.095  0.102  0.110 
16    0.720  0.688  0.696  1.284    58.5  64.6  86.4  75.1    0.133  0.125  0.112  0.122 
20    0.702  0.763  0.860  1.093    57.0  59.2  62.7  71.2    0.156  0.165  0.165  0.141 
25    0.534  0.678  0.893  1.156    72.1  73.6  52.5  51.1    0.195  0.205  0.172  0.193 
 
 
5.3.2  Equivalent comfort contours (Part 2) 
5.3.2.1 Rate of growth of discomfort 
Linear regressions were performed between the logarithm of the magnitude estimates 
of discomfort, ψ, and the logarithm of the acceleration magnitudes of the test stimulus, 
φ, to determine the rate of growth of discomfort, n, and constant k for each subject at 
each frequency, f, with each backrest inclination:  
log10 ψ(f) = n.log10φ(f) + log10 k        Equation 5.2 
The rates of growth of discomfort were significantly dependent on the frequency of 
vibration with the upright backrest (0) and the fully reclined backrest (90 - recumbent) 
(p<0.001, Friedman), but not with the backrest inclined at 30 (p=0.11) or 60 (p=0.14) 
(Figure 5.4). 
Backrest  inclination  affected the  rate  of growth  of  discomfort  at  3.15 Hz  (p=0.006; 
Friedman), and at frequencies greater than 12.5 Hz (p<0.05; Friedman). The rates of 
growth of discomfort were higher with the fully reclined backrest (90 – recumbent) 
than with the upright backrest (0) at 3.15 Hz and from 12.5 Hz to 25 H, and with the 
30-inclined backrest at 3.15 Hz and from 16 Hz to 25 Hz (p<0.008; Wilcoxon). There 131 
 
were no significant differences in the rate of growth of discomfort with the fully reclined 
backrest (90) or the 60-inclined backrest at any frequency except 25 Hz (p<0.008; 
Wilcoxon). 
 
Figure  5.4  Median rate  of growth of discomfort with (a)  upright backrest ( 0), (b) 
backrest inclined at 30, (c) 60 and (d) fully reclined backrest (90). 
5.3.2.2 Equivalent comfort contours within backrest inclination 
Equivalent comfort contours for each subject were constructed from the exponent, n, 
and  the  constant,  k,  obtained  from  linear  regression  by  determining  the  vibration 
acceleration, φ, required to produce a selected sensation magnitude, ψ: 
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        Equation 5.3 
where the sensation magnitudes are relative to a sensation of 100 fo r the reference 
vibration (0.65 ms
-2  r.m.s.  of  8-Hz  z-axis  vibration  of  the  backrest).  Values  were 
determined for nine sensation magnitudes (ψ = 40, 50, 63, 80, 100, 125, 160, 200, and 
250). 132 
 
Within each backrest inclination, median equivalent comfort contours were calculated 
from the 12 individual equivalent comfort contours (Figure 5.5). Similar contours can 
be constructed from the median values of n and k over all subjects (see Table 5.1). 
 
Figure 5.5 Median absolute threshold for the perception of z-axis vibration of the back, 
and median equivalent comfort contours at nine sensation magnitudes (ψ = 40 to 250) 
within  each  of four  backrest  inclinations:  indicating the  z-axis  vibration  of the  back 
required to produce discomfort equivalent to 40% to 250% of that produced by 8-Hz z-
axis vibration of the back at 0.65 ms
-2 r.m.s. 133 
 
5.3.3  Relative discomfort between backrest inclinations (Part 3) 
The subjective magnitude (i.e. discomfort) produced by the reference vibration (i.e. 8-
Hz  0.65  ms
-2  r.m.s.)  may  differ  between  backrest  inclinations.  It  was  therefore 
necessary to adjust the equivalent comfort contours within each backrest inclination so 
as to yield equivalent comfort contours that applied over all backrest inclinations. This 
was  achieved  by  adjusting  the  comfort  contour  of  each  subject  to  the  sensation 
magnitude  of  the  8-Hz  z-axis  vibration  of  the  backrest  that  produced  discomfort 
equivalent to a sensation magnitude of 100 with the common reference (8-Hz vertical 
hand vibration at 2.0 ms
-2  r.m.s.). The median of these twelve individual ‘adjusted’ 
equivalent comfort contours was then calculated for each backrest inclination (Figure 
5.6).  
 
Figure  5.6  Median  ‘rescaled’  equivalent  comfort  contours  showing  the  relative 
discomfort  between  backrest  inclinations.  Each point  on  the  contours  indicates  the 
acceleration  of  z-axis  vibration  of  the  backrest  required  to  produce  discomfort 
equivalent to that produced by the common reference vibration (i.e., 8-Hz vertical hand 
vibration at 2.0 ms
-2 r.m.s.). 
There  was  no  significant  difference  between  the  four  ‘adjusted’  equivalent  comfort 
contours  (corresponding  to  four  backrest  inclinations)  at  any  frequency  (p>0.05; 
Friedman) – indicating the magnitude of z-axis vibration of the backrest required at any 134 
 
frequency  to  produce  a  sensation  magnitude  of  100  with  the  common  reference 
vibration was similar with all backrest inclinations. 
5.3.4  Location of discomfort (Part 4) 
At all frequencies and with all backrest inclinations, discomfort was generally felt most 
in the upper-back (Figure 5.7). However, with an upright backrest and a fully inclined 
backrest, some subjects (20 to 40%) felt discomfort in the lower back, particularly at 
mid magnitudes (Figure 5.7a and 5.7d). With the backrest inclined to 30 and 60, 
some subjects (10 to 40%) felt discomfort in the head and neck at high frequencies 
(Figure 5.7b and 5.7c). 
 
Figure  5.7  Principal  locations  of  discomfort  arising  from  exposure  to  middle  and 
highest vibration magnitudes when sitting with: (a) upright backrest (0), (b) backrest 
inclined at 30, (c) 60 and (d) fully reclined backrest (90). 135 
 
5.4. DISCUSSION 
5.4.1  Perception thresholds 
5.4.1.1 Effect of frequency 
There  was  a  similar  frequency-dependence  in  the  perception  thresholds  for  z-axis 
vibration of the back with all backrest inclinations. Sensitivity to z-axis vibration of the 
back  decreased  with  increasing  frequency  at  approximately  6  dB  per  octave, 
corresponding  to  constant  velocity  (Figure  5.3).  This  may  suggest  the  same 
mechanism was involved in perceiving this type of vibration and that the mechanism 
was not greatly affected by the backrest inclination. 
5.4.1.2 Effect of backrest inclination 
The non-significant trend for lower thresholds (greater sensitivity) at frequencies less 
than 4 or 5 Hz with an upright backrest (0) than with inclined backrests (30, 60, and 
90)  is  similar  to  that found  with  x-axis  vibration  of  the  back  and  is  thought to  be 
associated with relative motion between the moving backrest and the stationary seat 
pan  (Chapter  4).  The  relative  motion  may  have  also  increased  sensitivity  to  low 
frequencies of z-axis vibration of the back, but with a more similar effect over the four 
backrest inclinations.  
5.4.1.3 Comparison with previous studies 
The thresholds obtained with the fully reclined backrest (90) have a similar frequency-
dependence  to  the  averaged  sensitivity  to  longitudinal  horizontal  vibration  of 
recumbent subjects (Figure 5.8; Miwa and Yonekawa, 1969; Szameitat and Dupuis, 
1976; Miwa et al., 1984; Yonekawa et al., 1999). Miwa and Yonekawa determined the 
relative  sensitivity  of  different  parts  of  the  recumbent  body  exposed  to  longitudinal 
vibration (i.e., head, back, buttocks plus femora, calves plus heels, and the whole-
body). Sensitivity of the back was less than sensitivity of the whole-body (by about 6 
dB) at frequencies greater than 4 Hz. At low frequencies, thresholds for the perception 
of the vibration of individual parts of the body can be reduced by the perception of 
relative motion between parts that are vibrated and parts that are stationary. With no 
relative motion (i.e. whole-body vibration), the perception thresholds are higher at low 
frequencies  (Figure  5.8;  Miwa  and  Yonekawa,  1969).  For  the  same  acceleration 
magnitude, displacement amplitudes become larger at lower frequencies, increasing 136 
 
the relative displacement between the moving backrest and non-moving supports for 
the buttocks or head. The thresholds for the back obtained in the present study are 
consistently greater than thresholds for whole-body vibration reported for recumbent 
subjects in previous studies. This might be due to less force at the back in the present 
study because body weight was partially supported at other locations, due to inter-
subject variability, or due to the use of different psychophysical methods. Morioka and 
Griffin (2002) showed that different psychophysical methods used in determining the 
absolute thresholds for vibration perception yielded different thresholds.  
 
Figure  5.8 Acceleration thresholds for z-axis vibration of the fully reclined backrest 
(90  or  recumbent)  in  the  present  study  compared  to  average  thresholds  with 
longitudinal horizontal vibration of the back and whole-body vibration. 137 
 
5.4.2  Vibration discomfort 
5.4.2.1 Effect of frequency 
As expected, the equivalent comfort contours are frequency-dependent (Figure 5.5). 
With an upright backrest (0), the overall shape of the equivalent comfort contours is 
consistent with the contour for a full upright backrest equivalent to 10-Hz vertical seat 
vibration  at  0.8  ms
-2  r.m.s.  as  reported  by  Parsons  et  al.  (1982) (Figure  5.9). The 
median  equivalent  comfort  contours  for  the  upright  backrest  (0)  and  all  inclined 
backrests (30, 60, and 90) are similar and show that to produce similar discomfort 
the  acceleration  needs to  increase  approximately  in  proportion  to frequency  (i.e.  a 
slope of 6 dB per octave corresponding to constant velocity; Figure 5.5). However, 
with the backrest inclined to 60 and 90 (recumbent), the responses at frequencies 
less than 4 Hz were flatter, particularly at lower magnitudes. The contours obtained 
with  the  fully  reclined  backrest  (90  -  recumbent)  are  consistent  with  equivalent 
comfort contours for longitudinal horizontal whole-body vibration of recumbent subjects 
(Miwa and Yonekawa, 1969; Szameitat and Dupuis, 1976; Gibson, 1978: Figure 5.10). 138 
 
 
Figure 5.9 Equivalent comfort contours with the upright backrest (0) in the present 
study compared to discomfort with a full upright backrest equivalent to that caused by 
0.8  ms
-2  r.m.s.  of  10-Hz  vertical  seat  vibration,  and  the  inverted  realisable  Wd 
frequency weighting. 
Discomfort was mostly felt in the upper and lower back at all frequencies and at all 
vibration  magnitudes  (Figure  5.7),  consistent  with  the  same  mechanisms  being 
involved  in  causing  vibration  discomfort  in  most  conditions.  Discomfort  tended  to 
localise  around  the  source  of  the  vibration  at  frequencies  greater  than  4  Hz,  as 
reported by Griffin (1990). Stimulation of the somatosensory system, possibly arising 
from  shear  and  compression  of  soft  tissues  of  the  upper  back  in  contact  with  the 
backrest,  may  have  caused  discomfort.  Systematic  increases  in  strain,  caused  by 
increasing  displacement  between  the  back  and  the  backrest  with  decreasing 139 
 
frequency,  may  explain  the  systematic  increase  in  discomfort  with  decreasing 
frequency.  With  the  greater  inclinations  of  the  backrest  (i.e.,  60  and  90),  the 
frequencies at which the least acceleration was required to produce similar discomfort 
(i.e. region of greatest discomfort) seems to be around 4 Hz at low magnitudes and 
decreases  with  increasing  vibration  magnitude.  This  is  similar  to  the  biodynamic 
nonlinearity measured at the back during longitudinal horizontal whole-body vibration 
of  the  semi-supine  body  (similar  to  the  90  backrest  inclination  used  here):  the 
resonance frequency in the apparent mass of the semi-supine body decreased from 
3.7 to 2.4 Hz as the magnitude of random vibration increased from 0.125 to 1.0 ms
-2 
r.m.s. (Huang and Griffin, 2008b; Figure 5.10). This suggests the resonance influences 
discomfort caused by vibration of the back over this frequency range. 
 
Figure  5.10  Equivalent  comfort  contours  for  z-axis  vibration  of  the  fully  reclined 
backrest (90 or recumbent) in the present study compared to contours for longitudinal 
horizontal whole-body vibration of recumbent subjects. 140 
 
5.4.2.2 Effect of vibration magnitude 
There  is  substantial  evidence  of  a  magnitude-dependence  in  equivalent  comfort 
contours. With vertical seat vibration at magnitudes from 0.02 to 1.25 ms
-1 r.m.s., the 
frequencies at which the least vibration acceleration was required to cause discomfort 
decreased as the vibration magnitude increased (Morioka and Griffin, 2006), similar to 
the  nonlinearity  of  the  body  resonance  (Fairley  and  Griffin,  1990).  Similarly,  the 
frequencies of greatest discomfort indicated by equivalent comfort contours for fore-
and-aft vibration of a fully-upright backrest exhibit nonlinearity with vibration magnitude 
increasing from 0.6 to 1.25 ms
-2 r.m.s. (Morioka and Griffin, 2010a). In the present 
study there was a significant effect of frequency on the rate of growth of discomfort 
(the exponent, n, in Stevens’ Power Law) with the upright backrest, consistent with a 
magnitude-dependence  in  the  equivalent  comfort  contours.  As  mentioned  in  the 
preceding section, with the fully reclined backrest (90) an apparent trend towards a 
decrease in the frequency of greatest discomfort (from 4 Hz to 2.5 Hz) with increasing 
magnitude of vibration (as exhibited in the equivalent comfort contours across the nine 
sensation magnitudes, from ψ = 40 to 250; Figure 5.10) is consistent with reductions in 
the resonance frequency of the semi-supine body exposed to longitudinal horizontal 
whole-body vibration (Huang and Griffin, 2008b). 
5.4.2.3 Effect of backrest inclination 
It was hypothesised that more support for the upper body when sitting with an inclined 
backrest would alter the dynamic force (mgsin) at the point of contact with vibration 
and change the frequency dependence of discomfort. Contrary to this hypothesis, the 
rescaled  equivalent  comfort  contours showing  the  vibration magnitudes  required  to 
produce  similar  discomfort  to  the  common  reference  (i.e.  2.0  ms
-2  r.m.s.  of  8-Hz 
vertical hand vibration) did not vary with backrest inclination (Figure 5.6). However, the 
rates of growth of discomfort were greater at 3.15 Hz with the fully reclined backrest 
(90) than with the upright (0) and the 30-inclined backrests, indicating that these 
contours will differ at higher and lower magnitudes.  
5.4.3  Frequency weightings 
Current standards for the measurement and evaluation of human exposure to whole-
body vibration (BS 6841:1987; ISO 2631-1:1997) do not define a frequency weighting 
for  predicting  the  perception  of  z-axis  vibration  of  the  back.  The  present  study 
suggests that acceleration thresholds for z-axis vibration of the back (with an upright 141 
 
backrest or any other inclination of the backrest) increase at approximately 6 dB per 
octave  as  the  frequency  increases  from  2.5  to  25  Hz  –  well  matched  to  the  Wd 
frequency weighting defined in the standards (Figure 5.11).  
There can be increased sensitivity to low frequencies of backrest vibration if there is 
relative motion between the moving backrest and stationary seat pan. The use of the 
Wd frequency weighting for evaluating z-axis backrest vibration may underestimate the 
probability of perceiving vibration if it is perceived because of relative motion between 
different body parts.  
 
Figure  5.11  Acceleration  thresholds  and  equivalent  comfort  contours  for  nine 
sensation magnitudes (ψ = 40 to 250) inverted and normalised to the same value as 
the realisable Wd frequency weighting at the reference frequency (at 8 Hz Wd = 0.253) 
and compared with the realisable Wd frequency weighting. 142 
 
The  z-axis  acceleration  required to  produce  equivalent  discomfort  with  all  backrest 
inclinations also tended to increase with increasing frequency at the rate of 6 dB per 
octave.  This  suggests  the  Wd  frequency  weighting  is  suitable  for  evaluating  z-axis 
backrest vibration with respect to comfort for all backrest inclinations. With the greatest 
inclinations of the backrest (i.e., 60 and 90), the response is clearly dependent on 
the vibration magnitude, so that at low magnitudes the acceleration required to cause 
discomfort is almost independent  of frequency below about 4 Hz (see  Figure 5.5), 
consistent  with  contours  for  the  longitudinal  horizontal  whole-body  vibration  of 
recumbent  person  (see  Figure  5.10).  Although  the  Wd  frequency  weighting  may 
provide  a  useful  prediction  of  the  frequency-dependence  of  the  discomfort  with  all 
inclinations  of  backrests  it  may  be  less  precise  for  low  frequencies  with  greater 
backrest inclinations (60 and 90). 
It  might  be  assumed  that  the  frequency  weightings  for  the  different  directions  of 
backrest  vibration  apply  to  geocentric  axes  (horizontal  and  vertical)  rather  than  a 
basicentric  coordinate  system  (axes  defined  relative  to  the  contact  surface  and 
therefore approximately aligned with the biodynamic coordinate system, e.g. xb and zb). 
Vertical vibration of a backrest is solely in the z-axis of the body when the backrest is 
vertical, in both the z-axis and the x-axis of the body when the backrest is inclined, and 
entirely in the x-axis of the body when the backrest is fully reclined. Geocentric and 
basicentric coordinate systems give the same predictions of perception and comfort 
when a backrest is vertical but increasingly different predictions as a backrest reclines. 
In  the  extreme,  when  fully  reclined,  weighting  Wc  would  be  used  in  a  geocentric 
system for evaluating horizontal vibration of a backrest along the z-axis of the body, 
whereas  Wd  would  be  used  in  a  basicentric  system.  The  greatest  sensitivity  to 
acceleration would be in the range 0.5 to 8 Hz in a geocentric system but 0.5 to 2 Hz 
in  a  basicentric  system.  The  experimental  results  show  sensitivity  is  primarily 
dependent  on  the  direction  of  vibration relative  to  the  body,  rather  than  relative  to 
gravity,  so  a  basicentric  system  is  more  convenient.  It follows  that  perception  and 
comfort can be estimated directly from measurements at the interface between the 
back  and  a  backrest  without  resolving  the  vibration  into  vertical  and  horizontal 
components. 
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5.5  CONCLUSIONS 
Absolute thresholds for the perception of z-axis vibration of the back are frequency-
dependent, with sensitivity to acceleration decreasing at 6 dB per octave from 2.5 to 
25  Hz.  The  frequency-dependence  of  equivalent  comfort  contours  is  similar  to  the 
frequency-dependence  of  the  thresholds.  The  frequency-dependence  of  perception 
and discomfort is not greatly dependent on backrest inclination, but there is evidence 
of artefactual lowering of thresholds at low-frequencies (less than about 4 Hz) due to 
relative motion between moving and stationary contacts with the body. The equivalent 
comfort contours are also dependent on the magnitude of vibration, especially with 
fully upright and fully reclined backrests. 
The results show that it is reasonable to use the Wd frequency weighting (as defined in 
current standards) to predict the frequency-dependence of both absolute thresholds 
and the discomfort of z-axis vibration of the backs of seated people. However, with 
great inclination of a backrest, particularly with fully a reclined backrest, the weighting 
for evaluating low frequencies (less than 4 Hz) requires further consideration. 
The results suggest that the vibration on backrests can be measured at the interface 
between a backrest and the back (e.g. using a SIT-pad located between the backrest 
and the back) so that the direction of measurement varies with the backrest inclination, 
and that the vibration can evaluated without correcting for the backrest inclination. 
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Chapter 6           
  EQUIVALENT  COMFORT  CONTOURS  OF  VERTICAL  SEAT 
VIBRATION  
EQUIVALENT  COMFORT  CONTOURS  OF  VERTICAL 
SEAT VIBRATION  
6.1  INTRODUCTION 
Understanding of how the discomfort caused by whole-body vibration depends on the 
frequency  and  direction  of  vibration  has  provided  a  foundation  for  frequency 
weightings used in the evaluation of vehicle ride comfort and the dynamic performance 
of seating. Vehicle vibration enters the body through the seat, the back, and the feet 
and it is assumed that by using frequency weightings appropriate for each interface 
between  the  body  and  the  seat  it  is  possible  to  predict  the  vibration  discomfort. 
Frequency weightings have been developed for vibration at these three locations for 
an upright seated posture. There has been little study of vibration discomfort in a semi-
supine posture, leading to doubt over the suitability of current frequency weightings 
when  evaluating  vibration  in  the  reclined  sitting  postures  common  when  travelling. 
Experiments  have  examined  the  suitability  of  the  current  frequency  weightings  for 
evaluating the vibration of inclined backrests in a direction normal to the back (i.e. x-
axis vibration of the back; Basri and Griffin, 2011a) and in a direction parallel to the 
back (i.e. z-axis vibration of the back; Basri and Griffin, 2011b). The present study is 
concerned with the effect of backrest inclination on frequency weightings for evaluating 
vertical seat vibration. 
Vertical  seat  vibration  is  often  the  dominant  cause  of  vibration  discomfort  in  road 
vehicles when the vibration is evaluated in accord with current standards (BS 6841, 146 
 
1987;  ISO  2631-1,  1997).  For  predicting  the  discomfort  caused  by  vertical  seat 
vibration, the frequency weighting Wb is usually recommended. It was developed from 
consideration  of  equivalent  comfort  contours  obtained from the  vertical  vibration  of 
subjects sitting upright without a backrest over the frequency range 1 to 63 Hz (Griffin 
et  al.,  1982)  and  those  obtained  with  a  backrest  at  frequencies  from  0.5  to  5  Hz 
(Corbridge  and  Griffin,  1986).  The  method  of  constant  stimuli  was  used  with  the 
reference vibration at two magnitudes (0.5 and 1.25 ms
-2 r.m.s. at 10 Hz in Griffin et al., 
1982;  0.25  and  0.75  ms
-2  r.m.s.  at  2  Hz  in  Corbridge  and  Griffin,  1986)  so  as  to 
determine the effects of both the frequency and the magnitude of vibration on the 
equivalent  comfort  contours.  The  frequency-dependence  of  the  contours  was 
reasonably  consistent  with  that  obtained for the  vertical  vibration  of  upright  seated 
people  with  no  backrest  as  reported  in  earlier  studies  (Miwa,  1967;  Jones  and 
Saunders.  1972;  Dupuis  et.  al,  1972;  Griffin,  1976).  The  frequency  at  which 
acceleration  caused  greatest  discomfort  was  around  about  5  Hz,  similar  to  the 
resonance frequency evident in the vertical apparent mass (e.g. Fairley and Griffin, 
1989). Using magnitude estimation and a wider range of frequencies and magnitudes 
of vibration, Morioka and Griffin (2006) found a similar frequency-dependence of the 
equivalent comfort contours but observed that the shapes of the equivalent comfort 
contours depended on the vibration magnitude: the region of greatest sensitivity to 
vibration acceleration reduced from somewhere in the range 5 to 10 Hz to around 4 Hz 
as  the  vibration  magnitude  increased  from  about  0.05  to  1.0  ms
-2  r.m.s.  This  is 
consistent with a nonlinearity in the apparent mass of the body in which the resonance 
frequencies reduce from about 6 to 4 Hz as the magnitude of excitation increases from 
0.125 to 2.0 ms
-2 r.m.s. (e.g. Fairley and Griffin, 1989; Matsumoto and Griffin, 2002). 
As a consequence of the nonlinearity in the subjective responses, at high magnitudes 
the Wb weighting tended to either overestimate discomfort at frequencies away from 
the principal body resonance or underestimate the discomfort caused by frequencies 
close to the resonance. 
It has been reported that the resonance frequencies of the vertical apparent mass of 
the seated human body measured at the seat increase from around 5 Hz to 6.35 or 7.5 
Hz as a rigid backrest is inclined from 0 to 30 (Shibata and Maeda, 2009; Toward 
and Griffin, 2009). The resonance in the vertical apparent mass of a fully supine body 
has been found around 5.5 to 7.0 Hz, with the resonance increasing to around 7.0 to 
9.4 Hz as the area of backrest contact increased in a semi-supine posture (Huang and 
Griffin,  2008).  The  primary  peak  in  the  transmissibility  of  vibration  to  the  sternum 
increased from around 7.0 to 10.2 Hz and from 9.4 to 10.9 Hz in fully supine and semi-147 
 
supine postures, respectively (Huang and Griffin, 2009). With evidence of increased 
resonance  frequencies  in  the  biodynamic  responses  with  increasing  backrest 
inclination (i.e., from upright backrest (0) to 30 and 90 (supine) as mentioned above), 
it  seems  likely  that  the  frequency-dependence  of  vibration  discomfort  caused  by 
vertical seat vibration will also depend on backrest inclination. 
Performance of a tracking task and a choice reaction time task has been investigated 
with five backrest inclinations from upright to recumbent (i.e., supine) during exposure 
to vertical whole-body vibration (2 ms
-2 r.m.s. in one of three frequency bands: 2 to 4 
Hz, 8 to 14 Hz, or 14 to 20 Hz) (Paddan et al., 2012). It was concluded that different 
tasks, displays, controls, vibration magnitudes, and vibration durations could produce 
different results, but for the conditions investigated, performance during vibration was 
not dependent on backrest inclination, except with a 67.5 inclination, where there was 
poorer performance with the tracking task.  
The main objective of the present study was to advance understanding of the vibration 
discomfort caused by vertical seat vibration when sitting with a reclined backrest and 
to assess the suitability of current frequency weightings. To facilitate a comparison 
with previous findings, equivalent comfort contours were determined for vertical seat 
vibration with no backrest as well as with a backrest inclined by 0 (i.e. upright), 30, 
60 and 90 (i.e. recumbent). Additionally, the relative discomfort caused by vertical 
seat vibration with these five backrest conditions was determined and the location of 
vibration  discomfort  in  the  body  was  investigated.  It  was  hypothesised  that  the 
frequency-dependence  of  the  discomfort  caused  by  vertical  seat  vibration  would 
change with backrest inclination and that the shapes of equivalent comfort contours 
would depend on the magnitude of vibration, especially around the frequency of body 
resonances. 
6.2  METHOD 
6.2.1  Apparatus 
A seat was designed to allow vertical seat vibration with five backrest conditions (no 
backrest and with the backrest at four different inclinations). A Derritron VP85 vibrator 
was  connected  to  a  rigid  flat  seat  with  an  adjustable  stationary  backrest  and  a 
stationary footrest (or horizontal support for the calves when fully reclined) (Figure 6.1). 
The backrest was adjustable to inclinations of 0, 30, 60, or 90 (fully recumbent) 
and could be detached for the no backrest condition. With each backrest condition, the 148 
 
apparatus was adjusted according to a comfortable sitting posture for a 50
th percentile 
British male aged 19 to 45 years (Pheasant, 1990). The positions were achieved using 
an H-point manikin with knee and ankle angles set to 120 and 100, respectively. 
With the backrest inclined at  90, subjects lay flat on their backs with their calves 
supported. A headrest padded with 5-cm thick foam was attached to the backrest and 
positioned according to the subject height in all conditions except when there was no 
backrest and when the backrest was upright. The contact between the back and the 
backrest was predominantly at the upper back, with no contact around the lumbar and 
pelvic region. The supports for the back, head and calves were covered with 1-mm 
thick neoprene rubber to provide friction between the supports and the body. 
 
Figure  6.1  Vertical  seat  vibration  with  five  different  backrest  conditions:  with  no 
backrest (a), with upright backrest or 0 inclination (b), with backrest inclined at 30 (c), 
60 (d), and 90 or recumbent (e). 
A cylindrical wooden handle (3.18-cm diameter and 12-cm long) was attached to the 
table of a vertically-orientated Derritron VP4 vibrator supported on a height-adjustable 
stand. The location and height of the handle were adjusted for each subject so as to 
maintain the posture of the hand at  a  similar and comfortable position with all five 
backrest conditions. The upper-arm and fore-arm were maintained with a slight bend 149 
 
(about  90  to  120)  to  avoid  ‘locking’  at  the  elbow,  and  thereby  reducing  the 
transmission of vibration to the shoulders, so that discomfort caused by vibration of the 
handle was localised around the hand (Figure 6.2). 
 
Figure  6.2 Similar hand posture and grip on the wooden handle so as to produce 
equivalent discomfort at the hand with all backrest conditions, achieved by maintaining 
the angle between upper and lower arm around 90 to 120 within each subject and 
backrest condition: with no backrest (a), with upright backrest or 0 inclination (b), with 
backrest inclined at 30 (c), 60 (d), and 90 or recumbent (e). 
6.2.2  Vibration and signal generation 
The vibration was generated and sampled using HVLab software (version 3.81) and 
output via a digital-to-analogue converter (PCL-818) at 1000 samples per second after 
low-pass filtering at 40 Hz. 
Single-axis  piezo-resistive  accelerometers  (Entran  Model  EGCSY-240D-10)  were 
attached  underneath  the  seat  and  at  the  base  of  the  handle.  Signals  from  the 
accelerometers  were filtered  at  40  Hz  (via  a Techfilter  anti-aliasing filter)  and  then 
sampled at 1000 samples per second. 150 
 
The background vibration on the seat was predominantly caused by electrical noise at 
50 Hz and was imperceptible at a magnitude less than 0.012 ms
-2 r.m.s. 
6.2.3  Vibration stimuli 
The  vibration  stimuli  were  2-second  duration  sinusoids  with  0.25-second  cosine-
tapering at the start and end.  
In Part 1, subjects judged the vibration discomfort caused by various frequencies and 
magnitudes of vertical seat vibration: they compared the discomfort caused by ‘test’ 
vibrations  relative  to  a  ‘reference’  vibration  (0.20  ms
-2  r.m.s.  8-Hz  vertical  seat 
vibration). The reference vibration was at the middle of the range of frequencies and at 
the middle of the range of magnitudes used for the test vibration. There were 99 test 
vibrations  from  an  array  of  11  frequencies  (the  preferred  one-third  octave  centre 
frequencies from 2.5 to 25 Hz) and 9 magnitudes (from 0.016 ms
-2 r.m.s. at 2.5 Hz, 
increasing  by  6  dB  per  octave  across  the  frequency  range,  and  at  nine  levels 
increasing  in  3-dB  steps).  The  dominant  discomfort  associated  with  the  vertical 
vibration in many forms of transport is produced by vibration within these ranges of 
frequency and magnitude (e.g., road, off-road and rail vehicles, helicopters).  
In Part 2, the same nine 8-Hz vertical seat vibration test stimuli presented in Part 1 
were judged relative to the discomfort caused by 2.0 ms
-2 r.m.s. 8-Hz vertical hand 
vibration. This made it possible to quantify any differences in the vibration discomfort 
caused by the reference frequency due to the different backrest conditions (see below).  
In  Part  3,  the  test  stimuli  were  two  magnitudes  of  vertical  seat  vibration  at  each 
frequency: the middle magnitudes and the greatest magnitudes used in Part 1. 
6.2.4  Procedure 
The experiment was conducted in five  sessions corresponding to the five backrest 
conditions (i.e. no backrest, and the backrest inclined at 0, 30, 60, and 90). Each 
subject completed all five sessions within three days, with one session on the first day 
followed by two sessions on the second day and the remaining two sessions on the 
final day. Each session lasted less than 30 minutes. The order of the session was 
balanced between subjects. In the first session, subjects had a short exercise judging 
the apparent length of lines relative to the length of a reference line (see Appendix D). 
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confirm they understood the magnitude estimation method. On the second and final 
day, subjects were provided with a 5 to 10 minutes break between sessions. 
Each session comprised three parts corresponding to three psychophysical tests:  
Part 1: Equivalent comfort contours within backrest condition, 
Part 2: Relative discomfort between backrest conditions, and 
Part 3: Location of discomfort. 
Subjects were requested to sit on the seat with their backs leaning comfortably against 
the backrest and their hands resting on their laps, or folded together on top of their 
stomach  when  the  backrest  was  inclined  to  60  and  90  (recumbent).  In  the  no 
backrest condition and in the upright backrest condition, there was no support for the 
head  and  the  subjects  were  requested  to  sit  with  comfortable  upright  postures 
throughout.  When  the  backrest  was  present,  the  subjects  were  asked  to  maintain 
contact between their upper back and the upright backrest. For backrest inclinations of 
0,  30,  and  60,  the  feet  were  supported,  whereas  when  recumbent  (at  90),  the 
calves were supported.  
Subjects  were  blindfolded  to  avoid  seeing  their  body  movement  and  they  wore 
headphones presenting a masking white noise at 70 dB(A). In Part 3, the blindfold was 
removed  to  enable  subjects  to  see  a  body  map  placed  in  front  of  them.  The 
experimenter and subjects were provided with separate emergency stop buttons. 
6.2.4.1 Equivalent comfort contours within backrest condition (Part 1) 
Subjects were requested to provide a magnitude estimate, ψ, for each test stimulus at 
an acceleration magnitude, φ. The estimation was based on their judgement of the 
discomfort  caused  by  each  test  stimulus  relative  to  that  caused  by  the  reference 
stimulus (8-Hz at 0.20 ms
-2 r.m.s.), assumed to correspond to a magnitude estimate of 
100. The reference and test stimuli were vertical seat vibrations presented in pairs 
separated by 1-second pauses. The frequencies and magnitudes of the test stimuli 
were  presented  in  a  different  randomized  order  for  each  subject.  This  part  was 
completed in approximately 20 minutes. 
6.2.4.2 Relative discomfort between backrest conditions (Part 2) 
The discomfort caused by the reference vibration used in Part 1 (i.e., 0.2 ms
-2 r.m.s. 8-
Hz vertical seat vibration) might not be the same with all backrest inclinations, so an 152 
 
‘adjustment’  of  the  reference  was  required  before  the  relative  discomfort  between 
backrest  inclinations  could  be  determined.  With  each  backrest  condition,  subjects 
therefore  judged  the  discomfort  caused  by  the  nine  levels  of  8-Hz  vertical  seat 
vibration  presented  in  Part  1  relative  to  the  discomfort  caused  by  the  ‘common 
reference’  (i.e.,  8-Hz  vertical  hand  vibration  at  2.0  ms
-2  r.m.s.).  This  part  was 
completed in approximately 3 minutes. 
6.2.4.3 Location of discomfort (Part 3) 
The middle magnitude and the greatest magnitude of vertical seat vibration at each 
frequency in Part 1 were presented again in a randomised order. After experiencing 
each vibration, subjects indicated the location where there was most discomfort in their 
body according to a body map displayed in front of them (see Appendix C.3). This part 
was completed in approximately 5 minutes. 
6.2.5  Subjects 
Using a within-subject experimental design, twelve healthy male subjects participated 
in all five sessions of the experiment. Subjects had a mean age of 27.8 years (SD: 5.2), 
a mean stature of 1.72 m (SD: 5.0), and a mean weight of 65.6 kg (SD: 10.3) (see 
Appendix B.3). Subjects were students and staff of the University of Southampton with 
no history of any serious illness, injury, or disability that might affect their judgement of 
vibration sensations. The experiment was approved by the Human Experimentation 
Safety  Ethics  Committee  of  the  Institute  of  Sound  and  Vibration  Research  at  the 
University of Southampton. All subjects gave their voluntary consent prior to the start 
of their first session on each day. 
6.3  RESULTS 
6.3.1  Equivalent comfort contours within backrest condition (Part 1) 
6.3.1.1 Rates of growth of discomfort 
According  to  Stevens’  power  law  (Stevens,  1975),  the  magnitude  estimates  of 
vibration discomfort, ψ, will be related to the vibration magnitude, φ, by the relation:  
 ψ = kφ
n          Equation 6.1 
So,         log10 ψ = n log10φ + log10 k       Equation 6.2 153 
 
Individual  values for the rate of growth of discomfort, n, and the constant, k, were 
determined from the slopes and intercepts of linear least squares regressions between 
log10ψ and log10φ. 
The rates of growth of discomfort, n, associated with vertical seat vibration within each 
of the five backrest conditions (no backrest and backrest inclined 0, 30, 60 and 90) 
were  strongly  dependent  on  the  frequency  of  vibration  (Figure  6.3;  p<0.001, 
Friedman).  
 
Figure 6.3  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical  seat  vibration  within  each  backrest  condition  (a-e)  and  comparison  on  the 
medians with all backrest conditions (f). 
The  rate  of  growth  of  discomfort  caused  by  vertical  seat  vibration  did  not  differ 
significantly across backrest conditions at any frequency (p>0.05, Friedman), except at 
5 Hz (p=0.031) and at 6.3 Hz (p=0.01). The findings were similar when excluding the 
condition with no backrest: the effect of backrest inclination was not significant at any 
frequency except at 5 Hz (p=0.037) and 6.3 Hz (p=0.003). Six pairwise comparisons 
performed  between  the four  backrest  inclinations  at these two frequencies  with  an 
adjusted significant level (p=0.05/6 = 0.008), showed the rate of growth of discomfort 154 
 
of vertical seat vibration only differed significantly between backrest inclinations of 60 
and 0 (upright) with 6.3-Hz vibration (Wilcoxon, p=0.006).  
6.3.1.2 Equivalent comfort contours within backrest condition 
Individual equivalent comfort contours were calculated at nine sensation magnitudes 
(from ψ = 40 to 250, relative to 100 with 0.20 ms
-2 r.m.s. of 8-Hz vertical seat vibration) 
using  Equation  6.1  and  the  individual  n  and  k  values  at  each  frequency.  Median 
equivalent comfort contours were constructed from the medians of the 12 individual 
equivalent comfort contours at each of these nine sensation magnitudes.  
As expected from the dependence of the rate of growth of discomfort on the frequency 
of vibration, the shapes of the equivalent comfort contours varied systematically with 
the vibration magnitude within all backrest conditions (Figure 6.4). 
Table  6.1  Median  exponent  (n)  and  constant  (k)  of  vertical  seat  vibration  with  no 
backrest (NB), and with stationary backrest inclined at 0 (upright), 30, 60 and 90 
(recumbent) of each frequency. 
Freq 
(Hz) 
  Exponent (n)    Constant (k) 
  NB  0  30  60  90    NB  0  30  60  90 
2.5    1.05  0.95  1.18  1.18  1.06    420.8  796.1  969.5  986.6  745.3 
3.15    1.17  1.23  1.19  1.10  1.07    825.8  851.0  896.6  483.0  477.5 
4    0.93  0.88  1.11  1.09  0.98    374.3  359.2  418.9  359.6  319.4 
5    0.96  0.89  0.94  1.06  1.23    422.3  402.2  361.5  433.7  373.9 
6.3    0.81  0.73  0.77  0.79  0.87    295.4  286.6  289.0  266.3  262.5 
8    0.72  0.62  0.63  1.03  0.79    273.9  234.9  242.5  328.2  247.7 
10    0.73  0.73  0.79  0.79  0.78    229.7  215.8  240.4  227.6  218.8 
12.5    0.73  0.64  0.66  0.74  0.62    206.0  194.2  204.4  193.1  206.3 
16    0.77  0.79  0.71  0.69  0.59    198.5  225.9  198.4  184.7  198.9 
20    0.78  0.75  0.79  0.80  0.60    172.4  186.2  178.4  178.3  185.4 
25    0.76  0.63  0.71  0.66  0.64    162.8  169.4  153.7  170.2  169.3 155 
 
 
Figure 6.4 Median equivalent comfort contours for nine magnitude estimates (ψ = 40 
to  250)  where  100  corresponds  to  the  discomfort  caused  by  0.2  ms
-2  r.m.s.  8-Hz 
vertical  seat  vibration  with  the  same  backrest  condition:  with  no  backrest  (a),  with 
upright backrest or 0 inclination (b), with backrest inclined at 30 (c), 60 (d) and 90 
or recumbent (e). 
6.3.2  Relative discomfort between backrest conditions (Part 2) 
Within each backrest condition, an equivalent comfort contour for each subject was 
constructed  at  the  sensation  magnitude  of  the  8-Hz  vertical  seat  vibration  that 
produced  discomfort  equivalent  to  that  of  the  common  reference  vibration  (8-Hz 
vertical hand vibration at 2.0 ms
-2 r.m.s.), using individual n and k values. The medians 156 
 
of  these  twelve  individual  ‘rescaled’  equivalent  comfort  contours  were  determined 
within each backrest condition to yield equivalent comfort contours having the same 
reference in all backrest conditions (Figure 6.5). 
 
Figure 6.5 Relative discomfort of vertical seat vibration between backrest conditions: 
the  contours  indicate  the  vibration  magnitudes  required  to  produce  discomfort 
equivalent to 2.0 ms
-2 r.m.s. of 8-Hz vertical hand vibration (medians from 12 subjects): 
between upright backrest (0) and recumbent (90) (a), between upright backrest and 
backrest 60 (b), between upright backrest and backrest 30 (c), between no backrest 
and recumbent (d), between no backrest and upright backrest (e), and between all 
backrest conditions (f). 
The  acceleration  required  at  any  frequency  for  discomfort  to  be  equivalent  to  that 
caused  by  the  common  reference  vibration  depended  on  backrest  condition  at  all 
frequencies less than 12.5 Hz (p<0.05, Friedman; Figure 6.5f). When excluding the 
condition  without  backrest,  the  backrest  inclination  had  a  significant  effect  at  all 
frequencies  less  than  10  Hz  (p<0.01).  With  the  backrest  reclined  to  90,  the 157 
 
acceleration required to cause discomfort equivalent to the reference vibration was 
significantly increased by up to 6 dB at frequencies between 2.5 and 8 Hz (p<0.008, 
Wilcoxon; Figure 6.5a) and similarly with the backrest inclined to 60 at frequencies 
between 4 and 6.3 Hz (p<0.008, Wilcoxon; Figure 6.5b). With the backrest inclined to 
30, the required acceleration was significantly increased by about 3 dB, but only at 5 
Hz (p<0.008; Wilcoxon; Figure 6.5c). 
6.3.3  Location of discomfort (Part 3) 
As can be seen in Figure 6.6, with all frequencies and magnitudes and all backrest 
conditions, subjects mostly felt discomfort in the buttocks or thighs (i.e., the body areas 
in contact with the seat pan, the source of vibration). However, with no backrest, and 
with the upright stationary backrest (0), some subjects also felt discomfort in the back 
region (i.e. lower and upper back and shoulders) at low frequencies and near the head 
(i.e., head, neck, or shoulders) at high frequencies, particularly with higher magnitudes 
of  seat  vibration.  Some  subjects  also  reported  discomfort  near  the  head  at  high 
frequencies with the backrest inclined at 30. 
As  the  inclination  of  the  backrest  increased  (to  30,  60  and  90),  fewer  subjects 
reported discomfort in the buttocks or thighs with low frequency vibration, and more 
subjects reported discomfort in the back region, particularly with higher magnitudes of 
seat vibration when recumbent (at 90) (Figure 6.6e). 158 
 
 
Figure  6.6 Principal locations of discomfort in the body caused by the middle and 
highest magnitude of vibration at each frequency of vertical seat vibration: no backrest 
(a),  upright  backrest  (b),  30  inclination  (c),  60  inclination  (d),  and  90  inclination 
(recumbent) (e). 
6.4  DISCUSSION 
6.4.1  Effect of frequency 
The equivalent comfort contours obtained without backrest are compared in  Figure 
6.7a with the findings of previous studies using vertical seat vibration with no backrest 
and a stationary footrest (e.g. Griffin, 1976; Griffin et. al, 1982; Morioka and Griffin, 
2006) or a footrest moving with the seat (e.g. Miwa, 1967; Jones and Saunders, 1972; 
Dupuis et. al, 1972). The frequencies at which discomfort tends to be greatest (i.e., the 
least  acceleration  is  required  to  produce  discomfort)  vary  between  studies.  In  the 
present study (and some other studies), discomfort caused by frequencies less than 
about 4 Hz arose from relative motion between the moving seat pan and the stationary 159 
 
footrest.  In  the  present  study  this  resulted  in  the  majority  of  subjects  (60  to  80%) 
feeling  discomfort  around  the  buttocks  and  thighs.  The  effect  of  relative  motion 
between the seat and a stationary footrest on discomfort has previously been shown to 
be particularly important with low magnitude vibration (Jang and Griffin, 1999; 2000). 
This explains the difference in low frequency contours between the present study and 
the contours of Morioka and Griffin who used a contoured seat with no thigh contact. 
Increased discomfort at frequencies between about 5 and 12.5 Hz may be explained 
by body resonances (Fairley and Griffin, 1989). 
The equivalent comfort contours obtained with the upright backrest are compared in 
Figure 6.7b with the findings of previous studies with upright backrests and footrests 
moving  with  the  seat  (Shoenberger  and  Harris,  1971;  Oborne  and  Boarer,  1982; 
Donati  et.  al,  1983;  Corbridge  and  Griffin,  1986).  The  frequencies  of  greatest 
discomfort reported in these studies are broadly similar, between about 4 or 5 Hz and 
12.5  Hz.  The  rate  at  which  discomfort  reduced  with  increasing  frequency  at  high 
frequencies is also similar, as seen in the slopes of the contours. However, the shapes 
of the contours differ at low frequencies due to relative motion between the seat and 
the feet and between the seat and the backrest. 
In  the  present  study,  the  equivalent  comfort  contours  obtained  with  the  upright 
backrest  and  the  backrest  inclined  by  30  were  similar,  but  not  identical. With the 
backrest inclined to 30, there was a significant reduction in discomfort at 5 Hz (Figure 
6.5c). With the upright backrest, there is a hint of greater sensitivity between 5 and 6.3 
Hz, coinciding with a resonance frequency in the vertical apparent mass of the body 
when sitting with an upright backrest (at 5 Hz in Shibata and Maeda, 2009; at 5.5 Hz in 
Toward and Griffin,2009). With the backrest inclined at 30, the frequency of greatest 
discomfort is slightly greater at 6.3 and 8 Hz, consistent with increased resonance 
frequencies  in  the  apparent  mass  with  30-inclined  backrests  (at  5  and  7.5  Hz  in 
Shibata and Maeda; at 6.4 Hz in Toward and Griffin). With the backrest inclined to 60 
and 90 there is a continuing trend towards increased discomfort at higher frequencies 
with increasing backrest inclination.  
The  effect  of  relative  motion  at  low  frequencies  seems  more  pronounced  with  the 
upright backrest and the 30 backrest than with no backrest, as seen in steeper slopes 
in the contours at low frequencies. The percentage of subjects feeling discomfort in 
their upper back at low frequencies was greater with the upright backrest and the 30 
backrest than with no backrest. Contact between the upper back and the stationary 160 
 
backrest may have increased the effect of relative motion between the moving seat 
pan and the stationary backrest.  
 
Figure 6.7 Comparisons of median equivalent comfort contours (ψ = 40 to 250) for 
vertical seat vibration with no backrest with contours previously reported for (a) no 
backrest and (b) upright backrest.   
6.4.2  Effect of vibration magnitude 
The significant dependence of the rate of growth of discomfort on the frequency of 
vibration within each backrest condition resulted in strong dependence of equivalent 
comfort contours on the magnitude of vibration with all backrest conditions. The rate of 
growth is greater at low frequency than at high frequency, resulting in contours that are 
closer together at low frequencies than at high frequencies. This can result in dramatic 
changes so that acceleration at one frequency can cause greater discomfort than at 
another frequency at low magnitude but less discomfort than the same frequency at 
high magnitude (Figure 6.4).  
With no backrest, the frequency of greatest discomfort decreased from 8 Hz as the 
sensation magnitude increased, consistent with nonlinearity in the apparent mass and 161 
 
transmissibilities  to  the  lumbar  spine  where  resonance  frequencies  decrease  with 
increases in vibration magnitude from 0.125 ms
-2 r.m.s. to 2.0 ms
-2 r.m.s. (Matsumoto 
and Griffin, 2002). Experimental evidence of nonlinearity in the biodynamic responses 
of the supine body, where voluntary and involuntary muscle activity is expected to 
have  minimal  effects,  suggests  thixotropic  properties  of  the  soft  tissues  may  be 
responsible for reduced stiffness (and a reduced resonance frequency) with higher 
magnitudes of excitation (Huang and Griffin, 2008; 2009). 
With the backrest reclined to 90 (recumbent), the equivalent comfort contours show 
dramatic changes with increasing magnitude of vibration (Figure 6.8). For recumbent 
subjects, acceleration thresholds have been reported to be greater for the back than 
for other parts of the body at frequencies less than 30 Hz, but not greatly different from 
thresholds  for  the  buttocks  (Miwa  and  Yonekawa,  1969).  In  the  present  study,  at 
frequencies greater than 4 Hz, the frequency-dependence of discomfort changed from 
roughly constant jerk (-6 dB per octave) at low magnitudes to roughly constant velocity 
(+6 dB per octave) at high magnitudes. The former is somewhat similar to acceleration 
thresholds  for  vertical  vibration  of  recumbent  subjects  reported  in  previous  studies 
(Szameitat and Dupuis, 1976; Miwa et. al, 1984; Parsons and Griffin, 1988; Yonekawa 
et. al, 1999), and the latter similar to a contour representing sensations equivalent to 
those caused by 0.56 ms
-2 r.m.s. 20-Hz vertical vibration in recumbent subjects as 
determined by Miwa and Yonekawa (1969). 162 
 
 
Figure  6.8  Median  equivalent  comfort  contours  (ψ  =  40  to  250)  for  vertical  seat 
vibration  with  backrest  reclined  to  90  (recumbent)  compared  with  equivalent 
sensation contours determined for vertical vibration of recumbent persons. Absolute 
thresholds for the perception of vertical whole-body vibration of recumbent person also 
shown for studies marked with asterisk.   
6.4.3  Effect of backrest and backrest inclination 
The inclination of the stationary backrest had a pronounced effect on the discomfort 
caused by vertical vibration of the seat, with less discomfort when the backrest was 
more reclined (Figure 6.5a – 6.5c). Twice as much vibration was required to cause 
discomfort when the backrest was reclined to 60 or 90 and 50% more vibration was 
required  when  reclined  to  30  than  with  the  upright  backrest.  In  comparison,  the 
presence or absence of the stationary vertical backrest had a relatively small effect on 
the discomfort caused by vertical seat vibration (Figure 6.5e). 163 
 
6.4.4  Frequency weightings 
British Standard 6841 (1987) advocates the use of frequency weighting  Wb for the 
evaluation  of  z-axis  (vertical)  vibration  of  a  seat.  For  each  backrest  condition, 
equivalent  comfort  contours  at  the  nine  sensation  magnitudes  were  inverted  and 
normalised  to  unity  at  8  Hz  so  as  to  facilitate  comparison  with  the  realisable  Wb 
weighting (Figure 6.9). In all cases, the artefactual influence of relative motion between 
the vibrating seat and the stationary backrest can be seen at frequencies less than 
about 4 Hz. With no backrest, at frequencies from 4 to 25 Hz, the Wb weighting seems 
to provide a reasonable prediction for low and intermediate sensation magnitudes, but 
tends  to  overestimate  sensitivity  at  high  frequencies  (or  underestimate  sensitivity 
around 5 Hz) with high magnitudes. As previously reported by Morioka and Griffin 
(2006), the weighting cannot reflect the nonlinearity in the equivalent comfort contours. 
There is a similar trend with the upright backrest. 
 
Figure  6.9  Median  equivalent  comfort  contours  (ψ  =  40  to  250)  for  vertical  seat 
vibration  with  all  backrest  conditions  inverted  and  normalised  to  unity  at  8  Hz  to 
facilitate comparison with the realisable Wb frequency weighting. 
With the backrest reclined to 30, Figure 6.9c shows that the Wb weighting provides a 
fairly reasonable prediction at low and intermediate magnitudes of vibration, but is less 164 
 
suitable  at  high  magnitudes. With the backrest  reclined  to  60  and  90,  there  is  a 
contour broadly similar to the Wb weighting, but the large influence of the non-linearity 
makes it (and any other weighting) inappropriate at some magnitudes particularly at 
high frequencies. 
The application of the results presented here should recognise that other factors may 
influence the dependence of vibration discomfort on the frequency of vibration and the 
inclination of a backrest. For example, differences between subjects, including gender 
and the extremes of age and body size beyond those included in the study may modify 
the discomfort caused by whole-body vibration. 
6.5  CONCLUSIONS 
The  frequency-dependence  of  the  vibration  discomfort  caused  by  vertical  seat 
vibration  varies  according  to  the  magnitude  of  the  vibration  and  inclination  of  the 
backrest.  A  single  frequency  weighting  will  not  provide  an  optimum  evaluation  of 
vertical  seat  vibration  over  a  wide  range  of  vibration  magnitudes  and  a  range  of 
backrest inclinations. With fairly low magnitude vertical seat vibration, the frequency-
dependence of discomfort with no backrest, or a backrest inclined to 0 or 30, may be 
represented by the Wb frequency weighting. This weighting will tend to underestimate 
the discomfort caused by vertical seat vibration at frequencies greater than about 12.5 
Hz if the backrest is reclined to 60 or 90.  
Relative motion between the vibrating seat and the stationary backrest had a large 
effect on discomfort at frequencies less than 4 Hz. The effect of the frequency and 
magnitude of low frequency vertical seat vibration with reclined backrests therefore 
merits further study in conditions where the backrest and seat move with the same 
motion. 
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Chapter 7         
  PREDICTING  DISCOMFORT  FROM  WHOLE-
BODY  VERTICAL  VIBRATION  WHEN  SITTING  WITH 
INCLINED BACKREST 
PREDICTING  DISCOMFORT  FROM  WHOLE-BODY 
VERTICAL  VIBRATION  WHEN  SITTING  WITH  AN 
INCLINED BACKREST 
7.1 INTRODUCTION 
The inclination of a seat backrest influences sitting comfort. In a transport environment, 
the inclination of the backrest may be expected to influence the vibration transmitted to 
the  body  and  the  vibration  discomfort  experienced  by  drivers  and  passengers. 
Procedures for predicting the discomfort associated with different backrest inclinations 
and different characteristics of vibration are needed so that seats can be optimised for 
comfort. 
Vertical vibration is often dominant in transport. Studies of the discomfort caused by 
the whole-body vertical vibration of people seated with no backrests have shown a 
strong dependence on the frequency of the vibration (e.g., Miwa, 1967; Jones and 
Saunders, 1972; Dupuis et al., 1972; Griffin et al., 1982; Morioka and Griffin, 2006). 
Studies  of  physical  responses  (e.g.,  apparent  mass,  mechanical  impedance, 
transmissibility)  to  whole-body  vertical  vibration  when  sitting  with  no  backrest  also 
show a strong dependence on the frequency of the vibration (e.g. Fairley and Griffin, 
1989; Paddan and Griffin, 1988). Some similarities in the frequency-dependence of 
subjective  and  physical  responses  suggest  vibration  discomfort  is  associated  with 
physical  responses  of  the  body.  For  example,  the  seated  body  tends  to  be  most 166 
 
sensitive to whole-body vertical acceleration around 5 Hz, consistent with an apparent 
mass resonance around 5 Hz (e.g. Fairley and Griffin, 1989).  
Studies of subjective responses to whole-body vertical vibration suggest the presence 
of  an  upright  backrest  increases  discomfort  at  frequencies  greater  than  the 
frequencies at which the body is most sensitive (e.g. Shoenberger and Harris, 1971; 
Oborne  and  Boarer,  1982).  A  similar  influence  of  a  backrest  can  be  seen  in  the 
physical responses of the body. With a vertical backrest, a general trend for increased 
resonance frequencies and increased apparent mass at frequencies greater than the 
resonance has been reported, probably due to changes in the dynamic responses of 
the body arising from differences in the vibration transmission paths to the body and 
the body posture (Fairley and Griffin, 1989). The transmission of vertical seat vibration 
to the head is also changed by the addition of a backrest: fore-and-aft head motion 
has been reported to increase at frequencies up to 25 Hz, with almost a doubling at 
the frequency of greatest transmissibility around 7 Hz; vertical head motion showed a 
more distinct peak around 6 Hz, and pitch head motion was increased at frequencies 
greater than principal resonance around 4 Hz (Paddan and Griffin, 1988). 
With  increasing  inclination  of  a  backrest,  there  is  a  systematic  increase  in  the 
resonance frequency of the vertical apparent mass of seated people: from 5 Hz with a 
vertical backrest to 6.4 or 7.5 Hz with 30 backrest inclination (e.g. Shibata and Maeda, 
2009; Toward and Griffin, 2009), and to 7.0 or 9.4 Hz with maximum contact of the 
semi-supine body with a horizontal backrest (Huang and Griffin, 2008).  
Studies  of the  subjective  responses  of  seated people  exposed  to  vertical  vibration 
have  been  limited  to  upright  backrests.  Although  there  have  been  studies  of  the 
influence  of  backrest  inclination  on  the  discomfort  caused  by  fore-and-aft  vibration 
(Kato  and  Hanai,  1998;  Basri  and  Griffin,  2011a),  current  understanding  is  not 
sufficient  to  predict  how  the  discomfort  caused  by  whole-body  vertical  vibration 
depends on backrest inclination. 
Current standards (BS 6841, 1987; ISO 2631-1, 1997) suggest the overall vibration 
discomfort of seated people can be predicted from an appropriate summation of the 
discomfort expected from vibration evaluated separately at the seat, the back, and the 
feet (i.e. multiple-input vibration). Frequency weightings and axis multiplying factors 
have  been  developed  to  reflect  sensitivity  to  different  frequencies  and  different 
directions  of  vibration  at  these  locations.  The  ‘weighted’  accelerations  are  then 
combined, using the square-root of the sums of squares (r.s.s.) of the individual values, 
to predict the overall discomfort. This procedure was based on the assumption that the 167 
 
discomfort  from  multiple-input  vibration  could  be  predicted  the  same  way  that  the 
discomfort  of  multiple-axis  vibration  can  be  predicted:  using  the  r.s.s.  method  as 
opposed to using linear summation of all values, the greatest value (e.g. Griffin and 
Whitham,  1977;  Shoenberger,  1988;  Mistrot  et  al.,  1990),  or  masking  methods 
(Fothergill and Griffin, 1977). The method of summation ignores the influence of phase 
between inputs, although phase differences can contribute to discomfort (Jang and 
Griffin, 1999; 2000). 
There is no clear provision in the standards for any adjustment of either the frequency 
weightings or the axis multiplying factors to allow for variations in the inclination of 
backrests. However, it has been reported that backrest inclination changes frequency 
sensitivity to x-axis vibration of backrests (Kato and Hanai, 1998; Basri and Griffin, 
2011a) and sensitivity to vertical seat vibration (Basri and Griffin, 2012). The frequency 
weighting Wc, recommended in the standards for evaluating the x-axis vibration of the 
back, was based on the equivalent comfort contours of 12 male subjects exposed to 
fore-and-aft vibration of an upright backrest while sitting on a stationary seat pan with 
a  stationary  footrest  (Parsons  et  al.,  1982).  Application  of  the  Wc  weighting  when 
evaluating the  x-axis vibration of inclined backrests tends to overestimate  vibration 
discomfort at low frequencies (less than 8 Hz) and underestimate vibration discomfort 
at  high  frequencies  (Kato  and  Hanai,  1998;  Basri  and  Griffin,  2011a).  Recently, 
equivalent comfort contours have been determined for 12 male subjects exposed to 
vertical vibration of a seat pan while sitting with stationary inclined backrests (0, 30, 
60  and  90  from  vertical)  and  a  stationary footrest  (Basri  and Griffin;  2012). With 
increasing inclination of the backrest, the proportion of body weight supported by the 
vibrating seat pan decreased and vibration discomfort reduced at all frequencies. The 
reduction in discomfort was more prominent (by about 6 dB) with greater inclinations of 
the backrest (60 and 90) and at frequencies less than 8 Hz. The findings imply that 
the  axis  multiplying  factor  for  vertical  seat  vibration  (1.0  in  the  current  standards) 
should reduce as backrest inclination increases. 
The  study  reported  here  investigated  the  influence  of  backrest  inclination  on  the 
discomfort  of  seated  people  exposed  to  whole-body  vertical  vibration  (i.e.,  vertical 
vibration at the seat, the back, and the feet). This made it possible to examine the 
suitability of current procedures for evaluating vibration with respect to the discomfort 
caused by multiple-input vibration. It was hypothesised that, with increasing backrest 
inclination,  there  would  be  a  change  in  the  frequency-dependence  of  discomfort 
caused by backrest vibration, and a change in the relative sensitivity to seat vibration. 168 
 
Consequently, the frequency dependence of the discomfort of seated people arising 
from whole-body vertical vibration would change with backrest inclination. It was also 
hypothesised  that  the  r.s.s.  procedure  would  predict  the  difference  in  vibration 
discomfort experienced when sitting upright with or without a backrest. It was expected 
that current frequency weightings and axis multiplying factors for seat vibration and 
back  vibration  would  not  provide  optimum  predictions  of  variations  in  vibration 
discomfort when sitting with different inclinations of the backrest. 
7.2 METHOD 
7.2.1  Test rig 
An  aluminium  frame  supporting  a  wooden  seat  pan,  backrest,  footrest  and,  where 
appropriate, support for the lower leg, was constructed and mounted securely to the 
platform of a vertical vibrator (Figure 7.1). The backrest was adjustable to inclinations 
of 0, 30, 60, or 90 (fully recumbent). The footrest was inclined 30 from horizontal. 
The  dimensions  of  the  apparatus  were  determined  based  on  a  comfortable  sitting 
posture for a 50
th percentile British male aged 19 to 45 years (Pheasant, 1990). The 
positions were achieved using an H-point manikin with knee and ankle angles set to 
120 and 100, respectively (Rebiffé, 1969). With the backrest inclined at 90, subjects 
lay  flat  on  their  backs  with  their  calves  supported.  A  rigid  headrest  was  provided, 
except when there was no backrest and when the backrest was upright. The supports 
for the pelvic area (buttocks and thighs), back, head, and calves were covered with 1-
mm thick neoprene rubber to provide some friction between the supports and the body. 
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Figure  7.1  Vertical  whole-body  conditions:  (a) with  no  backrest, (b36)  with  upright 
backrest  (0-inclination),  (c)  with  backrest  inclined  at  30,  (d)  60,  and  (e)  90 
(recumbent). 
7.2.2  Signal generation and acquisition 
The  vibration  stimuli  were  produced  using  a  hydraulic  vibrator  capable  of  1-meter 
peak-to-peak displacement in the vertical direction. The stimuli were generated and 
sampled using HVLab Toolbox for Matlab (version R2009) and output via a digital-to-
analogue converter (NI 6211) at 512 samples per second. 
The  acceleration  of  the  platform  was  monitored  using  single-axis  piezo-resistive 
accelerometers  (Entran  Model  EGCSY-240D-10)  attached  to  the  platform.  Signals 
from the accelerometers were low-pass filtered at 50 Hz and then sampled at 512 
samples per second. 
 
(e)  (d) 
(a)  (b)  (c) 170 
 
7.2.3  Vibration stimuli 
All vibration stimuli were 5-second sinusoids with 1-s cosine-tapering at the start and 
end.  
The subjects were requested to judge ‘vibration discomfort’ (i.e., their feelings about 
the vibration alone; Griffin, 1990). In Part 1, subjects judged the discomfort caused by 
various frequencies and magnitudes of vertical whole-body vibration within the same 
sitting condition: they compared the discomfort caused by ‘test’ vibrations relative to a 
‘reference’ vibration (i.e. 8 Hz at 0.4 ms
-2 r.m.s.). The ‘test’ vibrations were from an 
array of 14 frequencies (the preferred one-third octave centre frequencies from 1 to 20 
Hz) and 7 magnitudes (separated by 3 dB steps). The range of magnitudes was such 
that the same Wb frequency-weighted acceleration was used at all frequencies (e.g. 
0.5 to 2 ms
-2 r.m.s. at 1 Hz, and 0.2 to 0.8 ms
-2 r.m.s. at 20 Hz). 
In Part 2, subjects judged the discomfort caused by the same seven levels of 8-Hz 
‘test’  vibration  while  sitting  in  the  test  condition  (sitting  as  in  Part  1)  relative  to  a 
‘reference’ vibration while sitting in a reference condition (i.e., 0.4 ms
-2 r.m.s. at 8 Hz, 
sitting in an upright posture with no backrest). 
In  Part  3,  the  test  stimuli  were  two  magnitudes  of  vertical  seat  vibration  at  each 
frequency: the middle magnitudes and the greatest magnitudes used in Part 1. 
7.2.4  Procedure 
The experiment was conducted in five sessions corresponding to the five backrest 
conditions (i.e. no backrest, and the backrest inclined at 0, 30, 60, and 90). Each 
subject completed all five sessions within three days, with one session on the first day 
followed by two sessions on the second day and the remaining two sessions on the 
final day. Each session lasted less than 45 minutes. The order of the session was 
balanced  across  subjects.  To  confirm  understanding  of  the  magnitude  estimation 
method used in the experiment, subjects had a short exercise judging the apparent 
length of lines relative to the length of a reference line. They also practiced judging 
vibration before commencing the experiment on their first day. On the second and final 
day, subjects were provided with a 5- to 10-minute break between sessions for them to 
feel sufficiently rested before embarking on the second session. 
Each session comprised three parts corresponding to three psychophysical tests:  
Part 1: Equivalent comfort contours within backrest condition, 171 
 
Part 2: Relative discomfort between backrest conditions, and 
Part 3: Location of discomfort. 
In Part 1, subjects were requested to sit on the seat pan with their backs leaning 
comfortably against the backrest. To ensure a similar body posture in all subjects, they 
were asked to rest their hands on their laps, or  hold  their hands together on their 
stomach when the backrest was inclined to 60 or 90 (recumbent). In the no backrest 
condition and in the upright backrest (0) condition, there was no support for the head 
and subjects were requested to sit with a comfortable upright posture throughout. They 
were  asked  to  maintain  contact  between  their  back  and  the  upright  backrest.  For 
backrest inclinations of 0 (upright), 30, and 60, the feet were supported, whereas 
when recumbent (at 90), the calves were supported.  
In Part 2, subjects were requested to sit in an upright posture with no backrest (for the 
reference condition) and then adjust their posture to sit in the test condition (sitting as 
in  Part  1).  The  stimuli  were  presented  only  when  the  subjects  had  adopted  the 
required posture and they were ready. The presentation of both stimuli was repeated 
whenever requested by the subjects. This part was omitted for the session with no 
backrest. 
In Part 3, subjects were required to sit as in Part 1. 
In  all  tests,  subjects  were  required  to  close  their  eyes  during  presentations  of  the 
stimuli to avoid seeing their body movement. They wore headphones presenting a 
masking white noise at 65 dB(A). The experimenter and subjects were provided with 
separate emergency stop buttons. 
7.2.4.1 Equivalent comfort contours within backrest condition (Part 1) 
In Part 1, the 5-s reference vibration was followed by a 2-s pause and then a 5-s test 
vibration. Subjects provided a magnitude estimate for the discomfort caused by each 
test  vibration  assuming  the  magnitude  estimate  of  the  discomfort  caused  by  the 
reference vibration (8-Hz at 0.4 ms
-2 r.m.s.) was 100. The 98 pairs of vibration stimuli, 
comprising the reference vibration paired with each of the test vibrations (of differing 
magnitude and frequency) were presented in a different randomised order to each 
subject over a period of approximately 30 minutes. 
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7.2.4.2 Relative discomfort between backrest conditions (Part 2) 
In Part 2, subjects judged the discomfort caused by 8-Hz test vibration in the same 
posture as in Part 1 relative to the discomfort caused by 8-Hz 0.4 ms
-2 r.m.s. vibration 
when sitting upright with no backrest (the common reference condition). They judged 
the same seven magnitudes of 8-Hz test vibration presented in Part 1. The vibration 
stimuli were presented in a different random order for each subject over a period of 3 
to 5 minutes. 
7.2.4.3 Location of discomfort (Part 3) 
In Part 3, subjects indicated the location in their body where they felt the most vibration 
discomfort using a body map placed in front of them (see Appendix C.4). They were 
exposed to 28 vibration stimuli (the middle magnitude and the greatest magnitude at 
each of the 14 frequencies in Part 1) presented in randomised order over a period of 
approximately 5 minutes. 
7.2.5  Subjects 
Using a within-subject experimental design, 12 healthy male subjects participated in all 
five sessions of the experiment. Subjects had a mean age of 26 years (SD: 2.1), a 
mean stature of 1.76 m (SD: 9.3), and a mean  weight of 70.5 kg (SD: 15.3)  (see 
Appendix B.4). Subjects were students and staff of the University of Southampton with 
no history of any serious illness, injury, or disability that might affect their vibration 
sensations. 
The  experiment  was  approved  by  the  Human  Experimentation  Safety  Ethics 
Committee  of  the  Institute  of  Sound  and  Vibration  Research  at  the  University  of 
Southampton. All subjects gave their voluntary consent prior to the start of their first 
session on each day. 
7.2.6  Predicted discomfort 
According to current standards (BS 6841: 1987 and ISO 2631-1:1997), the discomfort 
arising  from  exposure  to  whole-body  vertical  vibration  can  be  predicted  from 
acceleration at the seat, the back and the feet (Figure 7.2). The prediction employs the 
square-root of the sums-of-squares (r.s.s.) of the weighted r.m.s. accelerations using 
frequency weightings and axis multiplying factors for each direction and location of 
vibration to yield a ‘single value’ (i.e. overall weighted acceleration), termed the ‘overall 
ride value’ or ‘vibration total value’, indicative of the likely discomfort.  173 
 
 
Figure 7.2 Simplified schematic of model for predicting discomfort: showing two-stage 
procedure, i.e. weighting and combine procedure on measured accelerations at multi 
input  locations  (at  seat,  back  and  feet)  for  whole-body  vertical  vibration  of  seated 
people on rigid seat. 
Two aspects of the prediction procedure were examined: the weightings for frequency 
and axis (i.e. frequency weightings and axis multiplying factors) and the method of 
combining vibration at more than one location (i.e., r.s.s.) 
7.3 RESULTS 
7.3.1  Equivalent comfort contours within backrest condition (Part 1) 
7.3.1.1 Rate of growth of discomfort, n, and constant, k 
The magnitude estimate of vibration discomfort, ψ, caused by the vibration magnitude, 
φ, at each frequency, f, are assumed to be related by a power law (Stevens, 1975):  
 Ψ = k φ 
n          Equation 7.1 
So,     log10 ψ = n log10 φ + log10 k                  Equation 7.2 
Individual values for the rate of growth of discomfort,  n, and the constant, k, were 
determined from the slopes and intercepts of linear least squares regressions between 
log10ψ and log10φ at each frequency. 
The rate of growth of discomfort, n, caused by the vertical vibration within each of the 
five backrest conditions (no backrest and backrest inclined at 0, 30, 60 and 90) 174 
 
was strongly dependent on the frequency of vibration (Figure 7.3; p<0.001, Friedman). 
However, the rate of growth of discomfort did not differ across backrest conditions at 
any frequency (p=0.065, Friedman).  
 
Figure 7.3  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical whole-body vibration within (a-e) each backrest condition, and (f) comparison 
on the medians with all backrest conditions. 
The  constant,  k,  within  each  of  the  five  backrest  conditions  was  also  strongly 
dependent on the frequency of vibration (Figure 7.4; p<0.01, Friedman). The constant, 
k,  was  dependent  on  backrest  inclination  at  3.15,  4,  5,  16  and  20  Hz  (p<0.0036, 
Friedman).  175 
 
 
Figure 7.4 Medians and inter-quartile ranges of constant, k of vertical seat vibration 
within  (a-e)  each  backrest  condition,  and  (f)  comparison  on  the  medians  with  all 
backrest conditions. 
7.3.1.2 Equivalent comfort contours 
Within each backrest condition, individual equivalent comfort contours were calculated 
at seven sensation magnitudes (from ψ = 50 to 200, relative to 100 with 0.40 ms
-2 
r.m.s.  of  8-Hz  vibration  with  the  same  backrest  condition)  using  Equation  7.1  and 
individual n and k values at each frequency. Median equivalent comfort contours were 
constructed from the 12 individual equivalent comfort contours at each of these seven 
sensation magnitudes.  
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Table 7.1 Median exponent (n) and constant (k) of vertical whole-body vibration with 
all backrest conditions: no backrest (nb), upright backrest (0), backrest inclined at 30, 
60 and fully reclined backrest (90 or recumbent). 
Freq  Exponent, n    Constant, k 
(Hz)  nb  0  30  60  90    nb  0  30  60  90 
1.0  0.905  0.974  1.081  1.057  0.971    100.6  97.5  83.8  75.7  106.1 
1.25  1.035  0.823  0.933  0.918  0.950    98.2  96.5  77.0  81.3  102.5 
1.6  0.963  0.898  0.915  1.045  1.015    91.4  91.1  83.1  83.9  101.9 
2.0  0.792  0.955  0.824  0.842  0.669    100.2  99.4  91.8  90.2  112.4 
2.5  0.942  0.865  0.984  0.915  0.988    115.7  109.2  97.5  90.0  113.6 
3.15  0.793  1.042  1.054  0.974  0.948    135.1  118.7  115.2  107.2  121.5 
4  0.955  1.176  0.845  1.100  1.290    203.9  159.3  152.3  130.9  135.6 
5  1.010  0.865  1.033  0.825  1.034    225.7  206.4  158.0  154.7  163.2 
6.3  0.633  0.720  0.676  1.138  0.926    204.6  227.9  193.7  214.3  195.6 
8  0.524  0.547  0.477  0.525  0.516    170.5  167.7  178.3  176.2  181.2 
10  0.614  0.493  0.452  0.495  0.549    174.1  201.9  174.9  195.8  197.0 
12.5  0.643  0.583  0.492  0.554  0.678    207.1  196.8  200.4  213.9  226.8 
16  0.753  0.763  0.503  0.631  0.641    195.4  190.5  208.5  244.5  236.4 
20  0.723  0.654  0.656  0.696  0.796    181.7  177.5  228.5  297.6  283.4 
 
 
The  dependence  of  the  constant,  k,  on  the  frequency  of  vibration  caused  the 
equivalent comfort contours to vary systematically with the frequency of vibration, and 
the dependence of the rate of growth of discomfort, n, on the frequency of vibration 
caused the shapes of the equivalent comfort contours to vary systematically with the 
magnitude of vibration (Figure 7.5). 
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Figure 7.5 Median equivalent comfort contours for seven magnitude estimates (ψ = 50 
to  200)  where  100  corresponds  to  the  discomfort  caused  by  0.4  ms
-2  r.m.s.  8-Hz 
vertical whole-body vibration with the same backrest condition: (a) with no backrest, (b) 
with upright backrest (0- inclination), (c) with backrest inclined at 30, (d) 60, and (e) 
90 (recumbent), and the range of stimuli used. 
7.3.2  Relative discomfort between backrest conditions (Part 2) 
For each backrest condition, the equivalent comfort contours for each subject were 
rescaled  to  the  sensation  magnitude  of  the  common  reference  (i.e.  the  discomfort 
caused  by  0.4  ms
-2  r.m.s.  8-Hz  vibration  when  sitting  with  no  backrest),  using 
individual  n  and  k  values  obtained  with  the  respective  backrest  inclinations.  The 
medians  of  these  twelve  individual  ‘rescaled’  equivalent  comfort  contours  were 
determined  for  each  backrest  condition  to  show  the  relative  discomfort  between 
backrest  conditions  (Figure  7.6).  The  equivalent  comfort  contours  show  the  r.m.s. 178 
 
acceleration required at the platform at each frequency for each backrest condition to 
cause similar discomfort to that caused by the common reference vibration. 
 
Figure  7.6  Median  relative  discomfort  of  whole-body  vertical  vibration  between 
backrest  conditions:  the  contours  indicate  the  vibration  magnitudes  required  within 
each backrest inclination to produce sensation magnitude of 100 of that produce by 
0.4  ms
-2  r.m.s.  of  8-Hz  vertical  whole-body  vibration  with  no  backrest  condition 
(medians from 12 subjects). 179 
 
The vibration magnitude required at any frequency for the discomfort to be equivalent 
to that caused by the common reference vibration depended on the backrest condition 
at  all frequencies greater  than  3.15  Hz,  excluding  8  Hz  (p<0.05,  Friedman:  Figure 
7.6a).  After  excluding  the  condition  without  a  backrest,  the  vibration  magnitude 
required at each of the six frequencies greater than 5 Hz, excluding 8 Hz, was still 
significantly dependent on backrest inclination (p<0.05, Friedman). After adjusting for 
multiple comparisons (0.05/6≈0.008), there were no significant differences at any of 
these frequencies in the vibration magnitudes required between sitting upright with no 
backrest  and  sitting  with  an  upright  backrest  (p>0.008,  Wilcoxon:  Figure  7.6b),  or 
between sitting with the backrest inclined at 60 and fully reclined (p>0.008, Wilcoxon). 
With the backrest inclined to 30, the required vibration magnitude was significantly 
less than with the upright backrest at 20 Hz (p=0.002; Wilcoxon; Figure 7.6c). With the 
backrest inclined to 60, the required vibration magnitude was significantly less at 16 
and 20 Hz, and significantly greater at 5 and 6.3 Hz than with the upright backrest 
(p<0.008,  Wilcoxon;  Figure  7.6d).  With  the  fully  reclined  backrest,  the  vibration 
magnitude required was significantly less at 16 and 20 Hz and significantly greater at 5 
Hz than with the upright backrest (p<0.008, Wilcoxon; Figure 7.6e). 
7.3.3  Location of discomfort (Part 3) 
With all frequencies and magnitudes of vibration and all backrest conditions, subjects 
generally felt discomfort in their back, buttocks, or thighs: the body parts in which the 
greatest proportions of their body weight were in contact with, and supported by, the 
vibrating surfaces (Figure 7.7). However, the number of subjects reporting discomfort 
in either their head or neck varied with frequency when sitting with inclined backrests 
(30, 60  and 90) and exposed to the middle and greatest magnitude test stimuli 
(p<0.001, Cochran’s Q).   
The number of subjects reporting discomfort in either their head or neck depended on 
backrest condition at 10, 16 and 20 Hz when exposed to the middle magnitude test 
stimuli (p<0.05, Cochran’s Q), and at 5 Hz and all frequencies greater than 10 Hz 
when exposed to the greatest magnitude test stimuli (p<0.01, Cochran’s Q). There 
were also changes between sitting with no backrest and sitting with any of the inclined 
backrests  (30,  60  or  90)  at  20  Hz  when  exposed  to  the  middle  magnitude  test 
stimuli  (p<0.008,  McNemar)  and  at  16  and  20  Hz  when  exposed  to  the  greatest 
magnitude test stimuli (p<0.008, McNemar). 180 
 
 
Figure  7.7 Principal locations of discomfort in the body caused by the middle and 
highest magnitude of vibration at each frequency of vertical whole-body vibration: (a) 
no backrest, (b) upright backrest (0), (c), backrest inclined at 30, (c) 60, and (d) 90 
(recumbent). 
7.4 DISCUSSION 
7.4.1  Effect of the backrest 
The presence of the upright backrest exposed the subjects to an additional source of 
excitation along the z-axis of the back. Although this additional input did not greatly 
change the acceleration required to produce similar overall discomfort to that with no 
backrest (Figure 7.6b), there was a tendency for the backrest to increase perception of 
vibration in the upper-body (lower and upper back, shoulder, neck and head: Figure 
7.7a and 7.7b) and increase discomfort at frequencies greater than 8 Hz (Figure 7.6). 
Previous studies have produced equivalent comfort contours for whole-body vertical 
vibration of seated people with a backrest (Shoenberger and Harris, 1971; Oborne and 181 
 
Boarer, 1982, Donati et al., 1983, Corbridge and Griffin, 1986) and without a backrest 
(Miwa, 1967; Jones and Saunders, 1972; Dupuis et al., 1972; Griffin, 1976; Griffin et 
al., 1982; Morioka and Griffin, 2006), as shown in Figure 7.8. Differences between 
contours obtained with and without backrest seem to become apparent at frequencies 
greater than about 8 Hz: with a backrest, the contours tend to be lower, indicating a 
lower  magnitude  of  vibration  is  required  to  cause  similar  discomfort  (i.e.  greater 
discomfort with a backrest). 
 
Figure  7.8  Comparisons  between  median  equivalent  comfort  contours  of  vertical 
whole-body vibration with no backrest and with backrest in the present study and that 
reported in earlier studies. 182 
 
At low frequencies the presence of the full upright backrest did not seem to cause any 
significant change in discomfort. At low frequencies a backrest may support the back 
and  prevent  parts  of  the  body  pitching  forward  and  backward  during  oscillation. 
Although  this  would  be  expected  to  reduce  discomfort,  there  is  little  evidence  of 
greater magnitudes being required to cause discomfort when sitting with the backrest 
in the present study with vertical excitation. 
An upright backrest tends to stiffen the body: the resonance frequencies in the vertical 
apparent mass measured at the seat surface increase when sitting with a rigid upright 
backrest: from around 5 Hz without a backrest to 5.5 Hz with a backrest (Toward and 
Griffin,  2009).  The  backrest  therefore  tends  to  increase  the  apparent  mass  at 
frequencies greater than the principal resonance frequency and reduce the apparent 
mass at frequencies less than the principal resonance. It has also been reported that a 
full rigid upright backrest (contacting the back, lumbar, and pelvis region)  increase 
apparent mass at all frequencies from the principal resonance frequency to around 20 
Hz (e.g. Wang et al., 2004). This is consistent with increased transmission of vibration 
to the upper body and the trend for increased discomfort at high frequencies with the 
upright backrest used in the present study. 
7.4.2  Effect of backrest inclination 
With  the  inclined  backrests  (30,  60  and  90),  there  is  a  clear  trend  for  greater 
discomfort at frequencies greater than 8 Hz, and less discomfort at 5 Hz and 6.3 Hz 
(although  only  very  slightly  less  with  30-inclination),  than  with  an  upright  backrest 
(Figure 7.6c, 7.6d and 7.6e). In addition to vibration at the seat surface, subjects were 
exposed  to  increasing  vibration  in  the  x-axis  of  the  back  as  the  inclination  of  the 
backrest increased. The frequencies of x-axis vibration of the back causing greatest 
discomfort shift from below 8 Hz to around 10 or 12.5 Hz as a backrest is inclined; 
there  is  reduced  discomfort  at  frequencies  less  than  10  or  12.5  Hz  with  inclined 
backrests  (at  30,  60  and  90)  and  30  to  40%  greater  acceleration  is required  at 
frequencies  between  4  to  8  Hz  to cause  similar  discomfort to that  with  an  upright 
backrest (Basri and Griffin, 2011a; Basri and Griffin, 2012). This is consistent with a 
greater contribution to discomfort from x-axis vibration of the back than vertical seat 
vibration.  
There is evidence of an increase in the resonance frequency of the vertical apparent 
mass measured at the seat surface as the inclination of a backrest increases: from 5 
or 5.5 Hz with an upright backrest to 6.4 or 7.5 Hz with a backrest inclined by 30 183 
 
(Shibata and Maeda, 2009; Toward and Griffin, 2009). An increase in the resonance 
frequency of the vertical apparent mass on the seat as a backrest inclines is consistent 
with a greater percentage of the body mass being supported by the inclined backrest, 
and the backrest becoming a more important source of vibration. This may explain 
why  the  region  of  greatest  sensitivity  to  acceleration  increased  from  5  Hz  with  an 
upright backrest to a greater frequency with the inclined backrests. 
With  the  fully  reclined  backrest  (90),  the  frequency-dependence  of  the  equivalent 
comfort contours obtained in the present study are broadly similar to thresholds and 
equivalent sensation contours reported in previous studies (e.g., Miwa and Yonekawa, 
1969; Szameitat and Dupuis, 1976; Miwa et al., 1984; Yonekawa et al., 1999; Gibson, 
1978: Figure 7.9). The contours reported by Gibson (1978) indicate less discomfort at 
high frequencies, but subjects lay on a stretcher with undefined dynamic properties 
that  may  have  reduced  the  transmission  of  high-frequency  vibration  to  the  body. 
Increased discomfort at frequencies greater than 8 Hz with the fully reclined backrest 
may be associated with resonance frequencies in the vertical apparent mass of the 
semi-supine body (at 7 or 9.4 Hz) when lying with maximum contact with a horizontal 
flat backrest (Huang and Griffin, 2008a) and the resonances in the transmission of 
vertical vibration from a back support to the sternum (between 6 and 12 Hz) in the 
same posture (Huang and Griffin, 2009).  184 
 
 
Figure  7.9  Comparisons  between  median  equivalent  comfort  contours  of  vertical 
whole-body vibration with fully reclined backrest in the present study and that reported 
in earlier studies. 
Increased  discomfort  at  high  frequencies  when  using  a  backrest,  particularly  the 
inclined  backrests  at  frequencies  greater  than  10  Hz  (Figure  6a),  might  also  have 
arisen from increased discomfort in the head and neck, as reported by many subjects 
(Figure 7.7). Paddan and Griffin (1988) reported the addition of a vertical backrest 
increased the vibration of the head in several directions during vertical excitation of a 
seat.  Fore-and-aft  motion  of  the  head  increased  at  frequencies  up  to  25  Hz  (with 
almost a doubling at the frequency of greatest transmissibility around 7 Hz), vertical 
motion of the head showed a more distinct peak at 6 Hz, and pitch head motion was 
increased at frequencies greater than the principal resonance. 185 
 
7.4.3  Comfort prediction model 
The study allows three aspects of the prediction model used in current standards to be 
tested:  the  frequency  weightings  (Wi),  the  axis  weightings  (ki),  and  the  method  of 
combining inputs (root-sums-of-squares, r.s.s.).  
The experiment has revealed the acceleration of the vibrator platform (ɑp) required at 
each  frequency  when  sitting  with  each  backrest  inclination  to  cause  the  same 
discomfort  as  when  sitting  with  no  backrest  (Figure  7.6a).  If  the  weighting  and 
combination methods are suitable, they should yield the same ‘overall ride values’ at 
all frequencies  and  with  all  backrest  conditions  (i.e.  a  value  of  0.4  ms
-2  r.m.s., the 
magnitude of the 8-Hz common reference motion), as indicated by the reference line in 
Figure 10. When sitting with no backrest, there were three component ride values (i.e. 
ɑz-seat (or ɑp), ɑx-feet (i.e., ɑpsin), and ɑz-feet (i.e., ɑpcos)) from the vibration at two input 
locations (i.e., at the seat and at the footrest inclined at an angle ) (Figure 7.10a). 
When sitting with an inclined backrest, additional component ride values arise from 
vibration in the x-axis at the back (ɑx-back (i.e., ɑpsin)) and the z-axis at the back (ɑz-back 
(i.e., ɑpcos)). With the upright backrest ( = 0), there was no component in the x-axis 
of the back (Figure 7.10b).  186 
 
 
Figure  7.10  Median  component  ride  values  and  overall  ride  values  calculated 
according to BS 6841 (1987) for exposures to vertical vibration of the vibrator platform 
required  within  each  backrest  condition  to  produce  similar  discomfort  at  each 
frequency to that when seated with no backrest. The reference (dotted line) shows an 
ideal prediction for each backrest condition, indicating similar values (inferring similar 
discomfort) at each frequency. (There are some ‘overlaps’ in the overall ride values 
calculated with the greatest component method that uses the greatest component). 
7.4.3.1 Frequency weightings 
The  currently  standardised  procedure  for  evaluating  whole-body  vertical  vibration 
provides a credible prediction of discomfort when there is no backrest, as seen in 
Figure 10a. However, when using a backrest there were less satisfactory predictions 187 
 
of overall discomfort. With the upright backrest, the prediction model overestimated the 
contribution from low-frequency z-axis vibration of the backrest (at frequencies less 
than  about  4  Hz).  The  overestimation  of  discomfort  is  more  marked  with  greater 
inclinations of the backrest (to 30 and 60). As mention earlier, with inclined backrests 
there is evidence of greater sensitivity to x-axis vibration of the back at frequencies 
greater than 8 Hz and less sensitivity at lower frequencies compared to an upright 
backrest  (Kato  and  Hanai,  1998;  Basri  and  Griffin,  2011a).  This  suggests  the 
evaluation of x-axis vibration on inclined backrests with the Wc frequency weighting 
could have contributed to an overestimation of the discomfort caused by frequencies 
less than about 8 Hz and underestimation of the discomfort caused by frequencies 
greater than 8 Hz (Figure 10c-e).  
A Wj weighting is recommended in ISO 2631-1 (1997) for evaluating vertical vibration 
experienced by recumbent people. This weighting (with a gain of approximately 0.5 
between 1 and 2 Hz rising to a gain of approximately unity from 5 to 80 Hz) is used on 
vibration beneath the pelvis and, “when there is no soft pillow”, on vibration beneath 
the head. In the present study the vibration beneath the head was the same as the 
vibration beneath the pelvis, but Figure 7.7 suggest that vibration of the head was only 
a  dominant  source  of  discomfort  at  16  and  20  Hz.  At  lower  frequencies,  vibration 
experienced in the back, buttocks, and thighs was more important. 
7.4.3.2 Axis weightings  
With increasing inclination of the backrest, there was increased sensitivity to vibration 
of  the  backrest,  so  that  according  to  the  standards  it  eventually  became  a  more 
important source of discomfort than vertical vibration at the ischial tuberosities. With 
the fully reclined backrest (i.e., recumbent), the predicted discomfort was greater than 
the reference value at frequencies between 2.5 Hz and 8 Hz, due to the frequency 
weighting  Wc  for  backrest  vibration,  as  shown  in  Figure  10e.  The  frequency-
dependence  of  overall  discomfort  with  the fully reclined backrest would  have been 
predicted  better  if  the  frequency  weighting  for  x-axis  vibration  of  the  back  (the 
dominant  source  of  discomfort)  was  improved  as  suggested  above  (i.e.  reduced 
sensitivity  to  vibration  at  frequencies  less  than  8  Hz  and  increased  sensitivity  to 
vibration at frequencies greater than 8 Hz). 
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7.4.3.3 Combination method 
The component ride values were calculated from the accelerations ap, at the seat, the 
back, and the feet, using the frequency weightings Wi(f) and axis multiplying factors kj 
as defined in British Standard 6841 (1987): vertical seat (Wb, k=1), x- and z-axis of the 
back (Wc, k=0.8 and Wd, k=0.4 respectively), x- and z-feet (Wb, k=0.25 and Wb, k=0.4 
respectively). International Standard 2631-1 (1997): recommends similar weightings 
except Wk is substituted for Wb and Wj is introduced for vertical vibration beneath the 
pelvis  and  head  when  recumbent.  Three  combination  methods  were  tested:  linear 
summation of component ride values, root-sums-of-squares (r.s.s.) of component ride 
values (Equation 7.3), and use of only the greatest component ride value (Equation 
7.4). 
ɑ = ((kseat  ɑseat(f)Wseat(f))
  (kback  ɑback(f)Wback(f))
 (kfeet  ɑfeet(f)Wfeet(f))
 )
1/ 
 = 1 : linear summation 
 = 2 : root-sums-of-squares (r.s.s.)                         Equation 7.3 
 
ɑ = max((kseat  ɑseat(f)Wseat(f))  (kback  ɑback(f)Wback(f)) (kfeet  ɑfeet(f)Wfeet(f))) 
                               Equation 7.4 
With no backrest, there is no clear difference between the three combination methods 
(Figure 7.10a): all methods produce a value that is similar at all frequencies (three 
parallel and almost flat contours across the frequency range). The linear summation 
method produced higher values than the other methods as a result of taking a larger 
proportion of the vibration at the feet. This may be inconsistent with the subjective 
judgements of the location of discomfort because discomfort at the feet seems to have 
been negligible, particularly at low frequencies (see Figure 7.7a). 
With the upright backrest, the overall ride values produced by the three combination 
methods differ at frequencies less than about 4 Hz (Figure 7.10b). When using only 
the greatest component (i.e. vertical seat vibration), the contour is flatter, suggesting it 
may be adequate to predict discomfort. Compared to the condition with no backrest, 
the inclusion of the z-axis vibration of the back in the prediction method may have 
caused an overestimation of discomfort at low frequencies when using both the linear 
summation method and the r.s.s. summation method. With no noticeable difference in 
the location of principal discomfort at low frequencies (Figure 7.7a and Figure 7.7b), 189 
 
the use of the current weightings (frequency weighting Wd and axis multiplying factor 
k=0.4) for evaluating z-axis vibration of a vertical backrest with the r.s.s. combination 
method may not be optimum at frequencies less than 4 Hz. 
With  inclined  backrests,  the  predicted  discomfort  was  generally  less  than  the 
discomfort experienced by subjects (i.e. less than the reference value) at frequencies 
greater than about 10 Hz. In these postures the discomfort was predominantly caused 
by sensations in the head, whereas with the upright backrest the vibration of the head 
was  less  important  (Figure  7.7).  It  seems  that  as  a  backrest  is  reclined  there  is 
increased transmission of vibration to the head and that this is not reflected in the 
current use of frequency weightings and axis multiplying factors.  
7.5 CONCLUSIONS 
Currently standardised procedures for evaluating vibration (i.e., frequency weightings, 
axis weightings, and root-sums-of-squares summation) provide useful predictions of 
the  discomfort  caused  by  vertical  seat  vibration.  However,  when  discomfort  is 
influenced by the vibration of inclined backrests the predictions overestimate vibration 
discomfort at frequencies around 5 and 6.3 Hz and underestimate vibration discomfort 
at frequencies greater than 8 Hz.  
With  an  upright  backrest,  the  current  standard  procedure  overestimates  discomfort 
caused by low-frequency z-axis vibration of the back (at frequencies less than about 2 
Hz). With a backrest inclined to 30 or 60, less weight is supported at the seat and 
more weight is supported at the back. It seems that the Wc weighting for backrest 
vibration is then not optimum for evaluating vibration in the x-axis of the back. 
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Chapter 8             
  THE  APPLICATION  OF  SEAT  VALUES  TO 
PREDICTING  VIBRATION  DISCOMFORT  WITH 
COMPLIANT RECLINED BACKRESTS 
THE APPLICATION OF SEAT VALUES TO PREDICTING 
VIBRATION  DISCOMFORT  WITH  COMPLIANT 
RECLINED BACKREST 
8.1 INTRODUCTION 
To  reduce  the  discomfort  arising  from  vibration,  vehicle  seats  can  be  designed  to 
minimise the transmission of vibration. The optimisation of the vibration transmissibility 
of a seat requires understanding of how vibration discomfort can be predicted from the 
vibration experienced at the seat surfaces. 
The dynamic properties of a seat (e.g., damping and stiffness) are influenced by the 
physical properties of foam or other material (e.g., density, thickness, firmness) that 
might be engineered to achieve seating comfort including vibration isolation. The most 
common  method  of  quantifying  the  dynamic  properties  of  a  seat  is  the  seat 
transmissibility. This shows how the ratio of vibration measured at the subject-seat 
interface to the vibration in the same direction on the floor varies according to the 
frequency of the vibration. The vertical transmissibility from the floor beneath the seat 
to the surface on the seat squab beneath the ischial tuberosities of a person is most 
often  measured,  but  non-vertical  transmissibility,  and  the  transmissibility  to  other 
locations, especially the backrest, are also studied. Unless a seat is entirely rigid, the 
transmissibility invariably shows that vibration is amplified at some frequencies (i.e. at 
the  resonance  frequency)  and  attenuated  at  other  frequencies.  There  may  be  a 192 
 
vertical resonance of seat squabs around 4 Hz (Corbridge et al., 1989) and a fore-and-
aft resonance through seat backrests around 5 Hz (Qiu and Griffin, 2003). However, 
the vibration transmissibility does not relate directly to vibration discomfort. Discomfort 
arising from multiple-input vibration, from the seat squab, a backrest and the floor, can 
be complex and requires understanding on the contribution of each input before any 
useful evaluation or optimisation can take place. 
The optimisation of the vibration transmissibility of a seat should not be confined to 
minimising the amplification that occurs at the resonance frequency. The optimisation 
must include consideration of all frequencies of vibration that occur on the floor, the 
extent to which these are transmitted through the seat, and the extent to which they 
influence comfort, or some other human response (e.g. interference with activities or 
health).  The  Seat  Effective  Amplitude  Transmissibility  (i.e.,  SEAT  value)  was 
introduced to combine these three functions of frequency in a single value indicating 
the extent to which a seat improves or degrades vibration discomfort (Griffin, 1978). 
The SEAT value may be considered the ratio of the vibration discomfort experienced 
when sitting on a seat to the discomfort that would be experienced when sitting on a 
rigid seat (or sitting on the floor). A value greater than 100% (or 1.0) indicates how 
much  the  vibration  discomfort  is  increased  by  the  seat.  Ideally  seats  have  SEAT 
values less than 100%, but this is not always the case. The calculation of a SEAT 
value requires understanding of how discomfort depends on the frequency of vibration. 
Originally, this was achieved using the frequency-dependence of the reduced-comfort 
boundary in the first version of ISO 2631 (1974), but the frequency weightings in later 
standards are now used (i.e., BS 6841:1987, ISO 2631-1:1997). The SEAT concept 
has  been  adopted  in  various  standards  for  quantifying  the  efficiency  of  seats  in 
isolating vertical vibration (e.g., ISO 10326-1:1992, ISO 7096:2000). 
Although  the  SEAT  value  is  most  usually  applied  to  quantify  the  vertical  isolation 
efficiency of the seat squab (or seat suspension), it can be used for other directions of 
vibration.  It  can  also  be  used  to  quantify  the  efficiency  of  a  seat  in  isolating  the 
transmission of fore-and-aft vibration to the backrest (Griffin, 1990). More generally, a 
SEAT value can be used to quantify the overall isolation efficiency of seat by a single 
value, taking into account both multi-axis vibration and the vibration transmitted to both 
the seat squab and the backrest. 
The  concept  behind  the  SEAT  value  is  intuitively  obvious:  it  uses  a  method  of 
predicting vibration discomfort to compare the vibration discomfort when sitting in a 
seat to the vibration discomfort that will be experienced when sitting in a reference 193 
 
seat  (i.e.  a  rigid  seat).  Nevertheless,  there  are  assumptions  that  are  not  entirely 
obvious. For example, the method will not provide a good estimate of the isolation 
efficiency of a seat if the weightings (for frequency of vibration or direction of vibration) 
are not accurate. There will also be errors if the method of combining the vibration 
experienced in different directions, or at different locations, or in different postures (e.g. 
inclined backrests) is not appropriate. Although the method is widely used, there has 
been little investigation of how well the method predicts the influence of realistic seats 
on vibration discomfort.   
With solely vertical vibration (often the dominant direction in transport), the vibration 
isolation  efficiency  of  a  seat  can  be  predicted  from  a  SEAT  value  calculated  from 
vertical  vibration  at  the  seat  pan  (using  frequency  weighting  Wb  or  Wk  from  BS 
6841:1987  or  ISO  2631-1:1997,  respectively)  and  vibration  at  the  backrest  (using 
frequency weightings Wc and Wd) (Griffin, 1990). However, seats usually have inclined 
backrests  and  it  has  been  reported  that  the  Wc  weighting  underestimates  the 
discomfort caused by x-axis vibration of inclined backrest at low frequencies and at 
frequencies greater than 8 Hz (Kato and Hanai, 1998; Basri and Griffin, 2011a). It is 
not known how well a SEAT value based on currently standardised weightings will 
predict  the  overall  vibration  discomfort  when  sitting  in  compliant  seat  with  inclined 
backrest. 
The  experiment  reported  here  was  designed  to  investigate  how  the  compliance  of 
seats  with  inclined  backrests  influence  vibration  discomfort.  The  effect  of  seat 
compliance on SEAT values (calculated from evaluations of vibration at the seat, the 
back, and the feet) was compared with the effect of seat compliance on judgements of 
vibration discomfort. 
8.2 METHOD 
8.2.1  Apparatus 
The  rigid  seat  frame  constructed  from  aluminium  extrusions  with  a  flat  horizontal 
wooden seat pan  (500x440 mm), flat  wooden backrest (400x630 mm)  inclined 30 
from  the  vertical,  and  a  flat  wooden  footrest  (500x340  mm)  inclined  60  from  the 
vertical  (Figure  8.1).  The  dimensions  of  the  seat  were  designed  to  provide  a 
comfortable  sitting  posture  for  a  50
th  percentile  British  male  aged  19  to  45  years 
(Pheasant, 1990). The surface of the rigid seat pan and backrest were covered with 1-
mm thick neoprene rubber to provide friction. There was no headrest. 194 
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Figure  8.1  Seating  conditions:  Sitting  with  the  back  comfortably  leaning  against 
inclined  backrest  on  compliant  seat  (a)  and  rigid  seat  (b);  Sitting  upright  without 
backrest contact was referred as ‘Reference within seating condition’ for compliant 
seat (c), for rigid seat (d); Sitting upright on rigid seat without backrest contact (d) was 
also referred as ‘Common reference between seating conditions’, a reference used for 
determining relative discomfort between seating conditions. 
(d) 
(a) 
(c) 
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Four  seating conditions were tested:  three compliant  seats and  the rigid seat. The 
compliant seats consisted of three different rectangular polyurethane blocks placed on 
the horizontal surface of the rigid seat with a rectangular block of polyurethane foam 
secured  to  the  inclined  backrest.  The  three  blocks  of  foam  on  the  seat  pan  are 
designated as: C1 (1.8 kg, 500x500x120 mm), C2 (1.4 kg, 485x485x95 mm), and C3 
(1.2 kg, 455x405x105 mm). The block of foam secured to the backrest is designated 
as B1 (1.0 kg, 380x610x70 mm). The foams for the seat pan were chosen primarily for 
their differences in apparent stiffness: C3 was the hardest and C1 was slightly softer 
than C2. For rigid seat, the surface of the seat pan and the backrest were only covered 
with  1-mm  thick  neoprene  rubber  to  provide  friction  with  the  body.  There  was  no 
headrest used.  
The rigid footrest was used in all conditions. The height of the footrest was adjusted to 
provide similar thigh contact in all condition (with the upper surface of the upper legs 
approximately horizontal). A loose lap belt was provided for safety but did not restrain 
subjects during vibration. 
The seat was securely mounted to the platform of a hydraulic vibrator capable of 1-
meter peak-to-peak displacement in the vertical direction. 
8.2.2  Signal generation and acquisition 
The  acceleration  of  the  vibrator  platform  was  monitored  using  single-axis  piezo-
resistive accelerometers (Entran Model EGCSY-240D-10) attached on the platform. 
The acceleration of the inclined backrest was measured in the x-axis and the z-axis of 
the  subject  (i.e.,  at  30  degrees  to  the  horizontal  and  30  degrees  to  the  vertical, 
respectively),  using  similar  accelerometers.  The  accelerations  at  the  interfaces 
between the body and the foam were monitored using two tri-axial SIT-pads. The SIT-
pad at the seat pan was positioned 180 mm forward from the centre to the rear edge 
of foam on the seat pan so subjects could sit with the SIT-pad beneath their ischial 
tuberosities. The SIT-pad at the backrest was nominally positioned 550 mm from the 
centre to the top edge of the backrest foam. The position of the SIT-pad was adjusted 
according  to  the  height  of  subjects  so  that  it  was  in  contact  with  the  upper  back 
(around upper thoracic region between Cervical 7 to Thoracic 6). 
Vibration  stimuli  were  generated  and  sampled  using  HVLab  Toolbox  for  Matlab 
(version  R2010)  and  output  via  a  digital-to-analogue  converter  (NI  6211)  at  512 
samples per second. Signals from the accelerometers were low-pass filtered at 50 Hz 
and then sampled at 512 samples per second. 196 
 
8.2.3  Procedure 
The  experiment  was  conducted  in  four  sessions  corresponding  to  four  seating 
conditions (i.e. the rigid seat and the three compliant seats, C1, C2, and C3). Each 
subject completed all four sessions within two days, with two sessions per day. Each 
session  lasted  less  than  40  minutes.  The  order  of  sessions  was  balanced  across 
subjects.  
Each session comprised three psychophysical tests and one objective test:  
Part 1: Equivalent comfort contours within seating condition, 
Part 2: Relative discomfort between seating conditions, 
Part 3: Location of discomfort, and  
Part 4: Seat transmissibility. 
Subjects used the method of magnitude estimation to judge the discomfort produced 
by  test  stimuli  relative  to  the  discomfort  produced  by  a  reference  stimulus.  The 
sinusoidal vibrations were of 5-s duration (including 1-s cosine-tapering at the start 
and the end). To confirm understanding of the magnitude estimation method, subjects 
initially judged the apparent length of several lines relative to the apparent length of a 
reference line. They then practiced judging the discomfort caused by vibrations before 
commencing the experiment on their first day. Subjects were able to ask for stimuli to 
be repeated if they were unsure of their judgement.  
Subjects were required to close their eyes during the presentation of the stimuli they 
were judging so as to avoid seeing the motion of the vibrator and their motion relative 
to  the  laboratory.  They  wore  headphones  presenting  a  masking  white  noise  at  65 
dB(A). The experimenter and the subjects were provided with separate emergency 
stop buttons. 
8.2.3.1 Equivalent comfort contours within seating condition (Part 1) 
In Part 1 of the study, subjects sat with backrest contact in each of the four seating 
conditions  and  used  the  method  of  magnitude  estimation  to  judge  the  discomfort 
produced by 56 test stimuli from an array of 14 frequencies (from 1 to 20 Hz in one-
third octave intervals) at 4 vibration magnitudes (0.2, 0.4, 0.8 and 1.6 ms
-2 r.m.s.).  
In this part of the study, subjects sat on the seat pan with backrest contact (i.e. back 
leaning comfortably against the backrest) with their hands resting on their laps. There 197 
 
was  no  support  for  the  head:  to  control  the  posture  of  the  head,  subjects  were 
requested to look straight ahead as when driving. 
Subjects were presented with a reference stimulus followed by a test stimulus and 
asked  to  estimate  the  magnitude  of  vibration  discomfort,  ψ,  produced  by  the  test 
stimulus (of acceleration magnitude, φ) assuming the reference stimulus (8 Hz at 0.4 
ms
-2  r.m.s.)  produced  a  vibration discomfort  of 100.  The  56  pairs  of  test-reference 
stimuli,  separated  by  2-second  pauses,  were  presented  in  a  different  randomised 
order to each subject. This part of the study took approximately 15 minutes. 
8.2.3.2 Relative discomfort between seating conditions (Part 2) 
In Part 2 of the study, within each of the four seating conditions, subjects judged the 
vibration discomfort caused by 4 levels of 8-Hz test stimuli (0.2, 0.4, 0.8 and 1.6 ms
-2 
r.m.s.)  when  sitting  against  the  backrest  relative  to  their  vibration  discomfort  when 
sitting without  backrest contact. There were two conditions: (i)  subjects sat upright 
without backrest contact during the presentation of reference and test stimuli, and (ii) 
subjects sat upright without backrest contact during the presentation of the reference 
stimulus and then leant back so that they were sitting with backrest contact (as in Part 
1) during the presentation test stimuli. The stimuli were presented when subjects had 
adjusted to the required posture and were ready. 
In both conditions, subjects estimated the magnitude of their vibration discomfort, ψ, 
produced by each test stimulus (of acceleration magnitude, φ) assuming the reference 
stimulus  (8  Hz  at  0.4  ms
-2  r.m.s.)  produced  a  vibration  discomfort  of  100.  In  both 
conditions, there were 4 pairs of stimuli (i.e., reference-test separated by a 2-s pause), 
presented in different randomised order to each subject. This part of the study took 
approximately 5 minutes. 
8.2.3.3 Location of discomfort (Part 3) 
In Part 3 of the study, subjects indicated where they felt discomfort while exposed to 
two levels (0.4 and 1.6 ms
-2 r.m.s.) of each of the 14 frequencies while sitting with 
backrest contact as in Part 1. After the presentation of each test stimulus, subjects 
reported the location in their body that felt the most discomfort using a body map in 
front of them (see Appendix C.5). They were presented with 28 test stimuli in random 
order. This part of the study took approximately 7 minutes. 
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8.2.3.4 Seat transmissibility (Part 4) 
Part 4 of the study involved the measurement of the transmission of vibration through 
the seat pan and the backrest while exposed to four levels (0.2, 0.4, 0.8 and 1.6 ms
-2 
r.m.s.)  of  60-s  broadband  (1  to  20  Hz)  random  vertical  vibration  when  sitting  with 
backrest  contact  (Figure  8.1a  and  Figure  8.1b)  and  when  sitting  upright  with  no 
backrest (Figure 8.1c and Figure 8.1d). This part of the study took approximately 10 
minutes. 
The transmissibility, H(f), of each of the three compliant seats was calculated from the 
ratio of the cross-spectral density of the input and output acceleration, Sxy(f), to the 
power spectral density of the input acceleration, Sxx(f), with a frequency resolution of 
0.25 Hz:  
) f ( S
) f ( S
) f H(
xx
xy
            Equation 8.1 
The  vertical  transmissibility  of  the  seat  cushion  was  calculated  from  the  input 
acceleration measured by an accelerometer on the vibrator platform and the output 
acceleration measured by an accelerometer in a SIT-pad on the seat cushion beneath 
the ischial tuberosities. The x-axis transmissibility of the backrest was calculated from 
the  acceleration  measured  by  an  accelerometer  on  a  rigid  part  of  the  rear  of  the 
backrest and the acceleration measured by an accelerometer in a SIT-pad positioned 
between  the  upper  back  and the foam  backrest,  with  the  sensitivities  axis  of  both 
accelerometers inclined at 30 degrees to the horizontal. The z-axis transmissibility of 
the backrest was calculated from accelerometers at the same locations but inclined at 
30 degrees to the vertical. 
8.2.4  Subjects 
Using a within-subject experimental design, 12 healthy male subjects participated in all 
four sessions (i.e., with the four seating conditions). Subjects had a mean age of 26 
years (SD: 2.2), a mean stature of 1.76 m (SD: 8.8), and a mean weight of 73.7 kg (SD: 
14.9)  (see  Appendix  B.5).  Subjects  were  students  and  staff  of  the  University  of 
Southampton with no history of any serious illness, injury, or disability that might affect 
their judgement of vibration. 
The  experiment  was  approved  by  the  Human  Experimentation  Safety  Ethics 
Committee  of  the  Institute  of  Sound  and  Vibration  Research  at  the  University  of 199 
 
Southampton. All subjects gave their voluntary consent prior to the start of their first 
session on each day. 
8.3. RESULTS 
8.3.1  Subjective measurement 
8.3.1.1 Rates of growth of discomfort, n 
For each frequency of vibration, the magnitude estimates of vibration discomfort, ψ, 
and the vibration magnitudes, φ, are assumed to be related by a power law (Stevens, 
1975):  
 Ψ = k φ 
n          Equation 8.2 
Individual values for the rate of growth of discomfort,  n, and the constant, k, were 
determined from the slopes and intercepts of linear least squares regressions between 
log10ψ and log10φ at each frequency: 
       log10 ψ = n log10 φ + log10 k        Equation 8.3 
In each of the four seating conditions, the rate of growth of discomfort, n, was strongly 
dependent on the frequency of vibration (p<0.001, Friedman; Figure 8.2).  200 
 
 
Figure 8.2  Medians and inter-quartile ranges of the rates of growth of discomfort of 
vertical  vibration  at  the  vibrator  platform  with  each  seating  condition  (a-d),  and 
comparison on the medians with all seating conditions (e). 201 
 
The rate of growth of discomfort only differed between seating conditions at 4 and 5 
Hz  (p<0.001,  Friedman).  Six  pairwise  comparisons  performed  between  the  four 
seating conditions with an adjusted significant level (p=0.05/6 = 0.008), showed the 
rates of growth of discomfort differed between the compliant seats and the rigid seat: 
between the hard foam seat (C3) and the rigid seat at 4 and 5 Hz, between the softer 
foam seats (C1 and C2) and the rigid seat at 4, 5 and 6.3 Hz (p<0.008, Wilcoxon). 
8.3.1.2 Equivalent comfort contours within seating conditions 
Individual equivalent comfort contours were calculated at four sensation magnitudes 
(ψ  =  80,  100,  125  and  160,  relative  to  100  with  0.40  ms
-2  r.m.s.  at  8  Hz)  using 
Equation 8.1  and individual  n  and  k  values at each frequency  (Table 8.1). Median 
equivalent comfort contours were constructed from the medians of the 12 individual 
equivalent comfort contours at each of these four sensation magnitudes (Figure 8.3). 
Table 8.1 Median exponents (n) and constants (k) of compliant seats (C1 – soft foam, 
C2 - intermediate and C3 – hard foam) and rigid seat (C4). 
Freq  Exponent, n    Constant, k 
(Hz)    C1  C2  C3  C4      C1  C2  C3  C4 
1.0    1.14  1.04  1.34  1.15      92.64  100.08  86.73  78.85 
1.25    1.06  0.97  1.05  1.27      92.86  94.31  96.03  82.44 
1.6    0.91  0.84  0.91  1.05      112.35  114.54  93.30  71.88 
2.0    0.92  0.91  0.87  0.94      126.87  121.93  113.36  80.45 
2.5    0.85  0.81  0.90  1.18      171.28  137.14  113.48  90.80 
3.15    0.89  0.73  1.06  0.93      199.86  187.66  150.64  100.21 
4    0.47  0.50  0.62  1.09      191.78  179.16  174.83  126.28 
5    0.44  0.48  0.50  0.69      180.87  175.46  176.02  154.96 
6.3    0.47  0.48  0.54  0.73      187.88  159.88  142.56  163.94 
8    0.44  0.37  0.59  0.48      142.89  132.48  144.51  157.10 
10    0.53  0.55  0.68  0.56      114.45  134.37  138.68  162.04 
12.5    0.78  0.67  0.70  0.52      110.22  112.10  133.33  159.72 
16    0.86  0.66  0.76  0.75      97.63  86.45  121.36  168.09 
20    0.82  0.80  0.85  0.83      88.22  102.23  115.86  157.14 
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Figure 8.3 Median equivalent comfort contours for four magnitude estimates (ψ = 80 
to 160)  with each seating condition, where 100 corresponds to the discomfort caused 
by 0.4 ms
-2 r.m.s. 8-Hz vertical vibration at the vibrator platform. 
As  expected  from  the  dependence  of  the  rate  of  growth  of  discomfort,  n,  on  the 
frequency of vibration and the seating conditions, the shapes of the equivalent comfort 
contours varied with the magnitude of vibration and the seating condition. 
8.3.1.3 Relative discomfort between seating conditions 
To  determine  the  effect  of  seating  condition  on  vibration  discomfort,  the  vibration 
acceleration  required  in  each  seating  condition  to  cause  discomfort  similar  to  that 
caused by the ‘common reference between seating conditions’ (i.e., 0.4 ms
-2 r.m.s. at 
8 Hz when sitting on the rigid seat with no backrest contact) was determined at each 203 
 
frequency. This was achieved by two adjustments to the equivalent comfort contours 
obtained  within  each  seating  condition.  The  equivalent  comfort  contour  for  each 
subject was first rescaled to the sensation magnitude of the ‘common reference within 
each  seating  condition’,  using  individual  n  and  k  values  for  the  respective  seating 
conditions  as  determined  in  Part  1  of  the  study.  The  rescaled  equivalent  comfort 
contours  were  then  rescaled  again  to  the  sensation  magnitude  of  the  ‘common 
reference between seating conditions’, using individual values of n with the rigid seat 
as determined in Part 2 of the study – assuming the same vibration acceleration at the 
interface between the body and a seat will produce similar discomfort with a rigid seat 
and  a  compliant  seat  squab.  The  medians  of  these  twelve  individual  ‘rescaled’ 
equivalent comfort contours were determined for each seating condition to yield the 
r.m.s. acceleration of the vibrator platform required with each seating condition at each 
frequency  to  cause  similar  discomfort  to  that  caused  by  the  ‘common  reference 
between seating conditions’ (Figure 8.4a). 204 
 
 
Figure 8.4 Relative discomfort between seating conditions: (a) the contours indicate 
the  median  vibration  acceleration  at  the  vibrator  platform  required  to  produce 
discomfort equivalent to that of ‘common reference between seating conditions’, i.e. 
0.4 ms
-2 r.m.s. of 8-Hz vertical vibration at vibrator platform when sitting upright on 
rigid  seat  with  no  backrest  contact,  (b)  the  contour  indicates  the  ratio  of  vibration 
acceleration at the vibrator platform with compliant seat to that with rigid seat required 
to cause similar discomfort to that of ‘common reference between seating conditions’. 205 
 
8.3.1.4 Location of discomfort 
With all frequencies and magnitudes of vibration and all seating conditions, subjects 
generally felt discomfort in their backs, shoulders, buttocks, or thighs: the body parts 
with greatest weight supported by the seat pan and the backrest (Figure 8.5). However, 
the number of subjects reporting discomfort in either their head or neck varied with 
frequency when sitting in the compliant seats with the greatest magnitudes of vibration, 
and when sitting in the rigid seat with the middle magnitudes of vibration (p<0.01, 
Cochran’s Q). 
 
Figure 8.5 Principal locations of discomfort in the body caused by the middle (0.4 ms
-2 
r.m.s.) and highest magnitude (1.6 ms
-2 r.m.s.) of vibration at each frequency with all 
seats. 
The  number  of  subjects  reporting  discomfort  in  either  their  head  or  neck  varied 
between  seats  at  10,  12.5,  16  and  20  Hz  when  exposed  to  the  greatest  vibration 
magnitudes, and at 20 Hz when exposed to the middle magnitude (p<0.01, Cochran’s 
Q). With the greatest vibration magnitude, the number of subjects reporting discomfort 206 
 
in either their head or neck differed between the rigid seat and each compliant seat 
(p<0.05, McNemar). More subjects reported discomfort in either their head or neck 
when sitting in the rigid seat but in either their lower legs or feet when sitting in the 
compliant seats. 
8.3.1.5 Measured discomfort 
To quantify the effect of the different types of foam on vibration discomfort at each 
frequency, the ratios of the vibration acceleration required with each compliant seat, 
ɑcompliant, to the acceleration required with a rigid seat, ɑrigid, to cause similar discomfort 
to the ‘common reference between seating conditions’ (determined from Part 2 of the 
study, see Section 8.3.1.3) were calculated at each frequency (Figure 8.4b): 
Ratio of accelerations (%) = 
rigid
compliant
a
a
x 100%      Equation 8.4 
To compare the measured and predicted seating discomfort, these acceleration ratios 
were inverted to have a similar meaning to a SEAT value, and are referred to as the 
‘measured seat dynamic discomfort’ in this paper:  
Measured seat dynamic discomfort, MSDD (%) = 
ons accelerati   of   Ratio
1
  Equation 8.5 
 
A measured seat dynamic discomfort, MSDD, of 100% would imply similar discomfort 
as when sitting on the rigid seat. Percentages lower or higher than 100% indicate less 
or more discomfort than with the rigid seat, respectively. 
The seat foam had a large effect on vibration discomfort. The MSDD differed between 
seating conditions at frequencies from 6.3 to 20 Hz (p<0.001, Friedman: Figure 8.6). 
The MSDD with seats C1 and C2 was less than with the rigid seat at all frequencies 
from 6.3 to 20 Hz (p<0.008, Wilcoxon). The MSDD of seat C3 was greater than that of 
the rigid seat at 4 Hz and 5 Hz (p<0.008, Wilcoxon) but less than the rigid seat at all 
frequencies from 8 to 16 Hz (p<0.008, Wilcoxon). There were no differences in the 
MSDD between seats C1 and C2 at any frequency (p>0.05, Wilcoxon). However, the 
MSDD of seat S1 was less than that of seat C3 at all frequencies greater than 6.3 Hz, 
and the MSDD of seat C2 was less than that of seat C3 at all frequencies between 5 
and 20 Hz (p<0.008, Wilcoxon).  207 
 
 
Figure 8.6 Median measured discomfort for each seat (in percentage) derived from 
inversed  ratio  of  accelerations  at  each  frequency.  Percentage  of  100%  implies 
discomfort similar to that of with the rigid seat and percentages of higher or lower than 
100%  are  indicative  of  greater  or  lower  discomfort  than  that  of  with  the  rigid  seat 
respectively. 
8.3.2  Objective measurement and evaluation 
8.3.2.1 Foam (seating) dynamics 
The primary resonance frequency in the seat cushion transmissibility differed between 
the  foams  (p<0.001,  Friedman).  The  differences  were  between  the  resonance 
frequency  with  C3  (hard  foam)  and  the  two  softer  seats  (p<0.01,  Wilcoxon).  The 
median  resonance  frequencies  were  3.5,  3.75,  and  4.25  Hz  with  C1,  C2  and  C3 
respectively (Table 8.2). 
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Figure 8.7 Comparison on median transmissibility of floor to seat, floor to x-back, and 
floor to z-back to show the effect of compliant seating from broadband random vertical 
vibration at the vibrator platform at 0.4 ms
-2 r.m.s. 
The transmissibility at resonance also differed between the foams (p<0.001, Friedman), 
with the difference between C3 and the other two compliant seats (p<0.05, Wilcoxon). 
The median amplification at resonance was 20 to 23% greater with C1 and C2 than 
with C3 (Table 8.2). 
With seat C3, there was a secondary resonance around 7 to 8 Hz, and a median 
transmissibility  consistently  greater  than  the  other  two  compliant  seats  at  all 
frequencies greater than the resonance frequency (Figure 8.7a). 209 
 
Table 8.2 Median primary resonance frequency, maximum amplification and isolation 
frequency of transmissibility floor to seat, floor to x-back and floor to z-back of C1, C2 
and C3 seat. 
Seating 
condition 
  Primary resonance 
frequency (Hz) 
  Peak transmissibility 
at resonance 
  Isolation frequency (Hz) 
    NB  B    NB  B    NB  B 
Floor to seat 
C1    3.50  3.50    2.37  2.15    4.25 - 4.50  6.8 
C2    3.75  3.75    2.30  2.21    4.50 - 4.75  6.4 
C3    4.00  4.25    1.80  1.79    5.00 - 5.25  8.4 
Floor to x-back 
C1    -  4.00    -  1.51    -  7.25 - 7.50 
C2    -  4.50    -  1.62    -  7.25 – 7.50 
C3    -  4.50    -  1.67    -  8.50 – 8.75 
Floor to z-back 
C1    -  3.50    -  1.23    -  - 
C2    -  3.50    -  1.25    -  - 
C3    -  4.25    -  1.28    -  - 
 
The  backrest  condition  did  not  significantly  affect  the  resonance  frequency  or  the 
transmissibility at resonance in any of the compliant seats (p>0.05; Friedman; Figure 
8.8). However, compared to sitting upright with no backrest, the transmissibility was 
reduced when sitting with the back in contact with the backrest at frequencies between 
0.75 and 3.5 Hz with all three seats (p<0.05, Wilcoxon), but increased at frequencies 
between 4.5 and 9 Hz with seat C1 and between 4.5 Hz and 10.25 with seat C2. With 
seat C3, when sitting with the back in contact with the backrest the transmissibility was 
increased at frequencies between 5 and 8.5 Hz and reduced at frequencies between 
11.25 and 20 Hz (p<0.05, Wilcoxon).  
Floor  to  x-back  transmissibility  differed  between  the  three  foam  seats  at  some 
frequencies but the trend was similar with the median transmissibility exhibiting two 
peaks: a primary peak around 4 Hz and a secondary peak in the range 6 to 8 Hz 
(Figure 8.7b). The median x-back transmissibility of seat C3 was consistently higher at 
frequencies around resonances, and lower at frequencies greater than about 11 Hz 
than with the other compliant seats (Figure 8.7b): the transmissibility was greater for 
seat C3 than seat C1 at frequencies between 7 and 9 Hz, and greater than seat C2 at 
7.75  Hz  (p<0.017,  Wilcoxon,  adjusted  significance,  p=0.05/3=0.017).  However,  the 
transmissibility  of  seat  C3  was  only  significantly  less  than  that  of  seat  C2  at 
frequencies between 11 and 13.75 Hz (p<0.017, Wilcoxon). 
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Figure  8.8  Comparison  on  median  transmissibility  floor  to  seat  with  and  without 
backrest contact for each seat to show the effect of backrest on transmissibility floor-
to-seat. 
The trends in the floor to z-back transmissibility were similar with all seats: a slight 
resonance around 4 Hz, slight attenuation between 6 and 10 Hz, and amplification at 
frequencies greater than about 10 Hz (Figure 8.7c). The resonance in seat C3 was at 
the slightly higher frequency of 4.25 Hz, with an amplification of 1.28 (Table 8.2), than 
the other compliant seats.  211 
 
8.3.2.2 Predicted discomfort (SEAT values) 
For  each  compliant  seat,  the  SEAT  value  was  calculated  for  each  frequency  of 
vibration from the ratio of the overall ride values with the compliant seat, aw compliant, to 
the overall ride value with the rigid seat, aw rigid  (Figure 8.9): 
SEAT (%) = 
rigid w  
compliant w  
a
a
x 100%         Equation 8.6 
The  SEAT  value  of  a  seat  is  calculated  using  the  vibration  to  which  the  seat  is 
exposed, usually a complex spectrum of vibration in a vehicle. In the present study, 
the subjects were exposed to sinusoidal vertical vibration at each frequency and so the 
SEAT  value  was  calculated  for  each  frequency  so  that  it  could  be  compared  with 
subject judgements of vibration discomfort at that frequency.  
A SEAT value is often calculated for only one part of a seat (e.g. the seat squab) and 
only one direction of vibration (e.g. vertical). The discomfort of subjects in this study 
may have been affected by vibration at other locations (i.e., at the seat back and the 
feet). Although the input vibration was vertical, there was both vertical and fore-and-aft 
vibration at the backrest. The SEAT value was therefore calculated from ‘overall ride 
values’ so as to reflect the differences in vibration at the seat, the back, and the feet 
between the compliant seat and the rigid seat when sitting with backrest contact. 
The overall ride values were calculated according to BS 6841 (1987) from the square-
root  of  the  sums-of-squares  (r.s.s.)  of  the  frequency-weighted  root-mean-square 
accelerations at the seat, the back, and the feet: 
ɑw = ((kseat  ɑseatWseat)
2  (kback  ɑbackWback)
2  (kfeet  ɑfeetWfeet)
2 )
1/2  Equation 8.7 
where, 
ɑi = acceleration at input location, i  
Wi = frequency weighting for input location, i  
ki = multiplying factor for input location, i  
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Figure 8.9 The schematic of the model for predicting discomfort, i.e. the concept of 
SEAT (seat effective amplitude transmissibility) used in this study. 
The SEAT values (i.e. the predicted discomfort) were dependent on seating condition 
at all frequencies (p<0.02, Friedman: Figure 8.10). The SEAT values for each of the 
compliant seats differed from those for the rigid seat at all frequencies except at a 
cross-over frequency (p<0.008, Wilcoxon). With seats C1 and C2 the SEAT values 
were greater than with the rigid seat at all frequencies less than 6.3 Hz but less than 
with the rigid seat at higher frequencies. With seat C3 the SEAT values were greater 
than with the rigid seat at all frequencies less than 8 Hz but less than with the rigid 
seat at all frequencies greater than 10 Hz. There were no significant differences in the 
SEAT values between C1 and C2 seat at any frequency except 2.5 Hz and 10 Hz 
(p<0.05, Wilcoxon). There were significant differences between these two compliant 
seats and seat C3, with the SEAT values of seats C1 and C2 greater at all frequencies 
less than 4 Hz but less at all frequencies greater than 6.3 Hz (p<0.008, Wilcoxon). 213 
 
 
Figure 8.10 Median SEAT values of each seat (in percentage), indicate the ratio of the 
likely  discomfort  with  each  seat  to  that  of  with  the  rigid  seat  at  each  frequency. 
Percentage of 100% indicates the likely discomfort of similar to that of with the rigid 
seat and percentages of higher or lower  than 100%  indicate  higher or lower  likely 
discomfort than that with the rigid seat. 
8.3.3  Measured and predicted seating discomfort 
For each of the three compliant seats, the measured seat dynamic discomfort (i.e. 
MSDD) was broadly similar to the predicted seat  discomfort (i.e. SEAT value), but 
there  were  significant  differences  (Figure  8.11).  With  seat  C1,  the  prediction 
overestimated discomfort at 1.25 and 3.15 Hz and at all frequencies greater than 5 Hz, 
except  16  Hz  (p<0.05,  Wilcoxon,  Figure  8.11a).  With  02  seat,  the  prediction 
significantly overestimated discomfort at all frequencies except 1.6, 2.5, 4 and 5 Hz 
(p<0.05,  Wilcoxon,  Figure  8.11b).  With  seat  03,  the  prediction  significantly 
overestimated discomfort at frequencies between 6.3 and 16 Hz (p<0.05, Wilcoxon, 
Figure 8.11c). 214 
 
 
Figure  8.11  Comparison  between  the  median  measured  discomfort  and  predicted 
discomfort (SEAT values) at each frequency for each compliant seat. 
8.4 DISCUSSION 
8.4.1  Effect of seat compliance   
The measured discomfort when sitting in the three compliant seats was greatest at 4 
Hz  (Figure  8.6).  At  this  frequency,  when  sitting  on  the  rigid  seat  a  40%  greater 
vibration magnitude was required at the floor to get discomfort similar to that with seats 
C1 and C2 and an 80% greater magnitude was required with seat C3. This was due to 
the resonance of the human-seat system when sitting on the foam: the floor-to-seat 
vertical  transmissibility  (Figure  8.7a)  and  the  floor-to-back  x-axis  transmissibility 
(Figure 8.7b) were greatest around 3.5 to 4.5 Hz (Table 8.2). Amplification of vibration 
at  the  seat  surface  also  produced  movement  in  shear  between  the  back  and  the 
backrest, as seen by comparing z-axis floor-to-seat and floor-to-back transmissibilities 
(Figure 8.7a and Figure 8.7c), causing discomfort in the lower back and the upper 
back (Figure 8.5).  
In all three compliant seats, the least measured discomfort occurred at frequencies 
greater  than  10  Hz  (Figure  8.6).  At  these frequencies,  for  similar  discomfort  when 
sitting on the rigid seat about 80% less vibration was required at the floor than when 
sitting on seats C1 and C2, and 50% less vibration was required than when sitting on 
seat C3. The combined dynamic properties of the human body and the foams resulted 
in vibration isolation at frequencies greater than about 6 Hz with seats C1 and C2 and 
at frequencies greater than about 8 Hz with seat C3 (Figure 8.7a, Table 8.2). The 
isolation provided by seat C3 was less than provided by the other two compliant seats: 215 
 
the vibration at the seat surface was 25% or more with seat C3 than with seats C1 and 
C2 at all frequencies greater than 8 Hz (Figure 8.7a). This will have contributed to the 
greater  discomfort  experienced  with  seat  C3  than  with  seats  C1  and  C2  at  these 
frequencies. 
High frequencies of vibration tend to cause discomfort at locations in the body close to 
the source of vibration (Whitham and Griffin, 1978). The greater sensitivity to vertical 
vibration at the seat and to vertical vibration at the backrest than to vertical vibration at 
the feet (Griffin et al., 1982) is consistent with more subjects reporting discomfort in the 
buttocks,  thighs,  lower  back  or  upper  back  with  the  rigid  seat  than  with  the  three 
compliant  seats.  The  foam  reduced  high  frequency  vibration  at  the  seat  and  the 
backrest by more than 50% (Figure 8.7a and Figure 8.7b), leaving vibration at the feet 
a more dominant source of discomfort and more subjects reporting discomfort in either 
their feet of lower legs at high frequencies with the compliant seats than with the rigid 
seat (Figure 8.5). 
8.4.2  Effect of backrest contact 
Comparing the median z-axis floor-to-seat transmissibilities with and without subjects 
leaning against the backrest (Figure 8.8), it can be seen that contact with the backrest 
tended to increase the vibration transmitted through the seat cushion at frequencies 
between about 4 and 9 Hz, consistent with Corbridge and Griffin (1989). In part, this 
might  arise  because  movement  of  the  upper-body  induced  by  the  backrest  is 
transmitted to the lower-body and the seat surface, consistent with a resonance of the 
upper-body between 4 and 8 Hz in the x-axis of the back (Figure 8.7b). Contact with a 
backrest  may  also  change  the  dynamic  response  of  the  body  (e.g.,  the  vertical 
apparent mass measured at the seat) and the combined dynamic response of the 
seat-body system (Toward and Griffin, 2009).   
8.4.3  The efficiency of the SEAT prediction model 
The  usefulness  of  SEAT  values  can  be  examined  by  comparing  them  with  the 
measured discomfort at each frequency. The contributions to the overall ride value 
from each component ride value (i.e., the weighted acceleration at the seat, the back, 
and the feet) were calculated for the three compliant seats and the rigid seat so as to 
examine possible reasons for differences between the SEAT values and the measured 
discomfort (Figure 8.12). 216 
 
 
Figure 8.12 Median SEAT values and breakdown of their corresponding component 
ride values (in weighted r.m.s. acceleration) with rigid and compliant seat, compared to 
median measured discomfort at each frequency. 
The SEAT values were greater than the measured discomfort at low frequencies (i.e., 
1.25 to 3.15 Hz) with seats C1 and C2, and at high frequencies (i.e., at frequencies 
greater than about 6.3 Hz)  with all three compliant seats. The differences may be 217 
 
understood by simplifications in the standardised method of predicting discomfort (i.e., 
assuming  the  weightings  are  unaffected  by  the  inclination  of  the  backrest  and 
assuming that relative motion between the seat and the feet does not contribute to 
discomfort). 
With a single frequency of excitation and a single point of contact with vibration on a 
seat, the SEAT value is the same as the seat transmissibility. The same frequency 
weighting is applied to the vibration on the seat and the vibration entering the seat. 
With  multiple-frequency  vibration,  the  SEAT  value  is  comprised  of  more  than  one 
frequency component and the frequency weighting influences the overall SEAT value. 
With multiple-input vibration, the SEAT value is comprised of more than one input and 
the relative weighting of each input influences the overall SEAT value. In the present 
case, with single-frequency vibration transmitted to the seat, the back, and the feet, if 
the ratios of the weightings between these inputs are incorrect, the overall SEAT value 
will also be incorrect. However, the direction of the error in the SEAT value will depend 
on whether the magnitude of vibration at any point is greater than or less than with a 
rigid seat. If the vibration transmitted to any location is greater than with a rigid seat 
(i.e., the transmissibility is greater than 1.0), the SEAT value will be over-estimated if 
the weighting is too great. If the vibration transmitted to any location is less than with a 
rigid seat (i.e., the transmissibility is less than 1.0), the SEAT value will be under-
estimated  if the weighting is too great. In the present study, the greatest  errors in 
SEAT values will therefore tend to occur at the frequencies where foam increased the 
transmission of vibration to the body (e.g., around 5 Hz) or where the foam decreased 
the transmission of vibration to the body (e.g., from 8 to 20 Hz).  
Effect of backrest inclination on the frequency weighting for vertical seat vibration 
At 3.15 Hz there was no significant difference in the measured discomfort between the 
three  compliant  seats  (see  Section  3.1.3,  Figure  8.4a).  However,  the  discomfort 
predicted by the SEAT values was greater than the measured discomfort with seats 
C1  and  C2  but  not  with  seat  C3  (Figure  8.11).  At  3.15  Hz,  the  floor-to-seat 
transmissibilities of seats C2 and C3 were greater than that of seat C3 (Figure 8.7a). 
Vertical vibration at the seat (i.e., the z-seat component ride value in Figure 8.12a and 
Figure 8.12b) was the main contributor to the increased SEAT value for these two 
seats. With frequencies around 5 Hz, more vertical seat vibration (approximately 50% 
more) is required to cause discomfort when a backrest is inclined at 30 than with an 
upright backrest (Basri and Griffin, 2012). Use of the standardised weighting (i.e., Wb 
with k = 1.0) to evaluate vertical vibration on the seat squab with inclined backrests in 218 
 
this study would therefore overestimate discomfort, consistent with the SEAT values 
being greater  than  the measured  discomfort.  With greater  seat  transmissibility,  the 
overestimate will be greater, as seen with seats C1 and C2. 
Effect of backrest inclination on the frequency weighting for x-axis back vibration 
The foam amplified x-axis vibration at the back between 4 and 8 Hz but attenuated 
vibration at frequencies greater than about 8 Hz (Figure 8.7b). The amplification of x-
axis  backrest  vibration  at  some  frequencies  (i.e.,  <  8  Hz;  Figure  8.7b)  may  have 
contributed to increased discomfort in the range 2.5 to 8 Hz (Figure 8.6), although a 
greater influence over this frequency range was probably the amplification of  z-axis 
vibration transmitted to the seat (Figure 8.7a).  
Around 4 to 6.3 Hz, the discomfort caused by x-axis vibration of a backrest reduced by 
30 to 40% when the backrest was reclined from 0° (i.e., vertical) to 30° (Basri and 
Griffin,  2011a).  The  Wc  weighting  for  x-axis  acceleration  of  the  back  therefore 
overestimates  discomfort  at these frequencies when  there  is  a  30  inclination  of  a 
backrest, as in the present study. With greater acceleration on the backrests of the 
compliant  seats  than  the  rigid  seat,  the  use  of  the  Wc  weighting  will  have  over-
emphasised fore-and-aft backrest vibration and contributed to the greater predicted 
discomfort (i.e., greater SEAT values) than measured discomfort. 
At frequencies greater than about 6.3 Hz, there was more discomfort from vibration 
when sitting in the rigid seat than when sitting in any of the three compliant seats. The 
attenuation  of  x-axis  backrest  vibration  at  frequencies  of  high  sensitivity  to  x-axis 
backrest vibration will have reduced discomfort in the compliant seats compared to the 
rigid seat.  Kato and Hanai (1998) reported the discomfort of  x-axis vibration of an 
inclined backrest would be underestimated by 40 to 50% when using the Wc weighting 
at frequencies greater than 8 Hz. The x-axis vibration at the interface between the 
back and the backrest was very much less with the three compliant seats than with the 
rigid seat (the floor to x-back transmissibility was around 0.5; Figure 8.7b). If the x-axis 
back vibration was given greater weight (as implied by Kato and Hanai, 1998), it would 
contribute more to the overall ride value, with a greater increase in the rigid seat than 
in the compliant seats. This would reduce the SEAT values in the compliant seats so 
that they were more similar to the measured discomfort. 
Vibration of the feet 
As the frequency of vibration increased above about 8 Hz, the vibration of the feet 
became an increasingly important cause of discomfort in the compliant seats, but not 219 
 
the rigid  seat (Figure  8.5). This  is  consistent  with the  dominant contribution to the 
SEAT values at high frequencies coming from the vibration at the feet when sitting on 
the compliant seats but not on rigid seat (Figure 8.12). The weighted acceleration at 
the feet changed little over the range 5 to 20 Hz, but the vibration of the feet became 
more  important  as  the  weighted  acceleration  from  other  inputs  reduced  as  the 
frequency of the vibration increased. Similarly, although the acceleration at the feet 
was the same for the compliant seats and the rigid seat, the vibration at the feet was of 
greater importance in the compliant seats due to the lower magnitudes of vibration at 
other locations.  
8.5 CONCLUSIONS 
Seat  compliance  changes  the  dynamic  response  of  human-seat  system  and 
discomfort of vertical vibration. Greatest discomfort at 4 Hz is due to the resonance of 
human-seat system where greater amplification with the softer foam causes greater 
discomfort than that with the harder foam. Discomfort with compliant seats is reduced 
(or  less  than  that  with  rigid  seat)  at  higher  frequencies  due  to  vibration  isolation. 
Greater attenuation provided by the softer foam causes lesser discomfort than that 
with  the  harder  foam.  Attenuation  of  high  frequency  vibration  at  the  seat  and  the 
backrest leaves vibration at the feet a more dominant source of discomfort. The effect 
of differences in vibration acceleration at the seat, backrest and feet and their relative 
motion at high frequencies on discomfort merits further research. 
Contact with the compliant backrest tends to increase the vibration transmitted through 
the seat squab at frequencies between 4 and 9 Hz. The movement of the upper body 
induced by the compliant backrest may be transmitted to the lower body and the seat 
squab, whereas the movement of the lower body may induce shear between the back 
and the backrest. 
Useful predictions of how the compliance of seats with inclined backrests influence the 
discomfort  caused  by  vertical  vibration  are  provided  by  SEAT  values.  Differences 
between SEAT values and subjective judgements of discomfort over the range 1.0 to 
20  Hz  can  be  explained  by  known  assumptions  and  simplifications  in  currently 
standardised methods of predicting vibration discomfort. The discrepancies are likely 
to be partially due to the use of frequency weightings for vertical (i.e.,  z-axis) seat 
vibration and fore-and-aft (i.e., x-axis) back vibration that do not take into account the 
influence of the inclination of the backrest on the frequency-dependence of vibration 
discomfort at the seat and the backrest 220 
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Chapter 9       
  GENERAL DISCUSSION 
GENERAL DISCUSSION 
9.1  INTRODUCTION 
From the literature review (Chapter 2), there is a gap in knowledge of the absolute 
thresholds for the perception of vertical whole-body vibration when seated with varying 
backrest  inclination.  For  people  sitting  upright  with  no  backrest,  or  recumbent, 
perception thresholds for vertical whole-body vibration changes with frequency. The 
manner in which perception thresholds change with the frequency of vibration in these 
two  postures  is  different:  when  seated  upright,  people  are  more  sensitive  to  low 
frequencies (between 2 and 6.3 Hz) but when recumbent, people are more sensitive to 
high  frequencies  (greater  than  8  Hz).  There  are  no  known  studies  of  how  the 
frequency-dependence  changes  when  seated  with  a  backrest  or  when  inclining  a 
backrest  (e.g.,  semi-supine  postures).  When  a  backrest  is  inclined,  vibration  has 
vector component in the x- and z-axes of the back. Chapters 4 and 5 investigate the 
frequency-dependence  of  absolute  thresholds  for  the  perception  of  x-  and  z-axis 
vibration of the back with four different backrest inclinations (upright, 30, 60 and 90 
or recumbent). 
A gap in knowledge is also identified for the frequency-dependence of sensations at 
suprathreshold levels of vertical whole-body vibration when seated with an inclined 
backrest. Equivalent comfort contours for vertical vibration of seated people with and 
without a backrest are consistent in previous studies. The frequencies giving greatest 
discomfort  are  associated  with  the  resonance  frequencies  of  the  body.  There  is 
tendency  for  increased  vibration  transmission  to  and  through  the  body  at  high 
frequencies when leaning against an upright backrest (where the back tends to be 222 
 
more upright when sitting with a backrest). Seat-to-head transmissibility is markedly 
increased in the vertical, fore-and-aft, and pitch axes of the head around resonance 
(about  5  Hz)  when  a  backrest  is  present.  The  effect  of  a  backrest,  and  backrest 
inclination, on the frequency-dependence of discomfort caused by vertical whole-body 
vibration was not well understood. Chapter 7 provides knowledge on the effect of a 
backrest and the inclination of a backrest on the discomfort arising from whole-body 
vertical vibration. 
Vibration discomfort may arise from contact with a seat pan, a backrest, and a footrest. 
To help understand the effect of backrest inclination on discomfort caused by whole-
body vertical vibration, studies of the effect of backrest inclination on discomfort from 
vibration  at  the  seat  pan,  the  x-axis  and  z-axis  vibration  of  the  backrest  were 
conducted (Chapter 4, 5 and 6). The studies reported in these chapters were also 
aimed at providing understanding of the relative importance of each of these vibration 
inputs to the overall discomfort of whole-body vertical vibration when seated with a 
backrest inclined at angles from 0 (upright) to 90 (recumbent). 
9.2  BACKREST VIBRATION IN THE x-AXIS OF THE BODY 
9.2.1 Absolute perception thresholds 
Absolute thresholds of the perception of x-axis acceleration of a backrest decreased at 
approximately  6  dB  per  octave  as  the  frequency  increased  from  10  to  25  Hz, 
corresponding to velocity constant, with all backrest inclinations (0, 30, 60 and 90 
or  recumbent).  The  effect  of  reclining  the  backrest  was  significant  at  frequencies 
between 4 and 8 Hz where thresholds increased as the inclination of the backrest 
increased  (i.e.,  became  more  horizontal).  This  frequency  range  coincides  with  the 
principal resonance frequencies in the fore-and-aft apparent mass of the back when 
sitting with an upright backrest (Abdul Jalil and Griffin, 2008; Nawayseh and Griffin, 
2005), and the vertical apparent mass of the back when fully recumbent (Huang and 
Griffin, 2008). The ratio of the apparent mass at resonance to the apparent mass at 
low frequencies (i.e., static mass of the body) was greater when sitting with an upright 
backrest than when lying supine, by an approximate 3 to 1.5 ratio (Abdul Jalil and 
Griffin,  2008;  Huang  and  Griffin,  2008).  It  seems  reasonable  to  suppose  that  the 
greater amplification of vibration in the body when sitting with an upright backrest may 
have been responsible for the greater sensitivity with the upright backrest than with the 
fully reclined backrest (90). Absolute thresholds for the perception of x-axis vibration 223 
 
from a fully reclined backrest (90) at frequencies greater than 5 Hz were consistent 
with thresholds  for whole-body vertical vibration of supine subjects (e.g., Parsons and 
Griffin, 1988; Miwa et al., 1984; Yonekawa et al., 1999). 
Increases in sensitivity as the frequency of vibration decreased below 4 or 5 Hz with all 
backrest inclinations are artefactual, as they arose from relative motion between the 
moving backrest and the stationary seat pan used in the study. 
9.2.2 Vibration discomfort 
Reclining the backrest had effects on equivalent comfort contours similar to the effects 
on  thresholds.  With  an  inclined  backrest,  at  frequencies  between  4  and  8  Hz  the 
discomfort  was reduced by  30 to  40%  compared to an upright backrest.  However, 
there was evidence of greater discomfort (by 40 to 50%) with an inclined backrest than 
with an upright backrest at frequencies greater than 8 Hz (Kato and Hanai, 1998). The 
inconsistency in the findings of the present studies and the study by Kato and Hanai at 
high frequencies may be due to the use of a stationary headrest in the present study. 
With a headrest, subjects sat with a more upright upper-body posture that may have 
increased  contact  with  the  backrest  and  produced  greater  discomfort  at  high 
frequencies than when sitting with an upright backrest and no headrest in the study by 
Kato and Hanai.  
The  frequency-dependence  of  the  equivalent  comfort  contours  for  all  inclined 
backrests  (30,  60,  and  90)  are  broadly  similar.  The  frequencies  of  greatest 
discomfort caused by acceleration were  around 10 or  12.5 Hz. The shapes  of the 
equivalent comfort contours with an upright backrest (0) are consistent with previous 
studies  (Parsons  et  al.,  1982;  Kato  and  Hanai,  1998;  Morioka  and Griffin,  2010a). 
Greater discomfort at frequencies less than about 8 Hz is consistent with resonance 
frequencies  in  the  fore-and-aft  apparent  mass  of  the  back  around  4  to  6  Hz  (as 
explained in Section 9.2.1). 
There  is  no  indication  of  an  effect  of  vibration  magnitude  on  the  frequency-
dependence of equivalent comfort contours over the range of vibration magnitudes 
investigated  in  these  studies  (0.04  to  0.6  ms
-2  r.m.s.):  the  rate  of  growth,  n,  was 
independent of frequency and so the equivalent comfort contours are almost parallel. 
However, with an upright backrest, there is evidence of a magnitude-dependence in 
equivalent comfort contours over a wider range of vibration magnitudes (0.08 to 1.25 
ms
-2 r.m.s.) (Morioka and Griffin, 2010a). The tendency is for the frequencies causing 224 
 
greatest discomfort to reduce with increasing magnitude of vibration, consistent with 
the nonlinearity in the fore-and-aft apparent mass of the back.  
9.2.3 Frequency weightings 
The  frequency  weighting  Wc  advocated  in  current  standards  seems  suitable  for 
predicting the discomfort and perception of x-axis vibration of an upright backrest (0), 
but frequency weighting Wb was more appropriate for predicting the discomfort and 
perception of x-axis vibration of backrests.  
With an upright backrest and fore-and-aft vibration of the backrest, the reciprocals of 
the  threshold  for  perception  curve  and  the  equivalent  comfort  contours  seem 
reasonably  similar  to  weighting  Wc,  where  sensitivity  to  vibration  acceleration  is 
roughly independent of frequency at frequencies less than 8 Hz and decreases as the 
frequency increases above 8 Hz (Figure 4.13). The present results suggest discomfort 
would  be  slightly  overestimated  at  frequencies  less  than  8  Hz  and  slightly 
underestimated at frequencies greater than 8 Hz when using frequency weighting Wc, 
but any difference with previous studies may be due to differences in support for the 
back and the head.  
With  the  backrest  inclined  by  30,  60,  or  90,  the  reciprocal  of  the  acceleration 
perception thresholds and equivalent comfort contours seem more similar to frequency 
weighting  Wb  than  frequency  weighting  Wc  at  frequencies  greater  than  8  Hz.  The 
frequency at which acceleration caused greatest discomfort was around 10 or 12.5 Hz,  
with an approximately  constant  velocity  response  (6 dB per octave)  at frequencies 
between  about  5  and  10  Hz,  and  a  constant  jerk  response  (-6dB  per  octave)  at 
frequencies greater than about 10 or 12.5 Hz.  
For  all  backrest  inclinations,  discomfort  increased  with  decreasing  frequency  of 
acceleration at frequencies less than 4 or 5 Hz, suggesting discomfort was caused by 
relative motion between the moving backrest and the stationary seat pan or stationary 
headrest. Increased sensitivity at frequencies less than about 4 Hz is not predicted by 
any  current  frequency  weighting,  and  may  not  be  needed  unless  there  is  relative 
motion between a backrest and the seat or headrest. 
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9.3  BACKREST VIBRATION IN THE z-AXIS OF THE BODY 
9.3.1 Absolute perception thresholds 
The effect of reclining the backrest on absolute thresholds for the perception for z-axis 
vibration of the backrest was not statistically significant. Sensitivity to z-axis vibration 
of the back decreased with increasing frequency at approximately 6 dB per octave, 
corresponding to constant velocity, with all backrest inclinations (0, 30, 60 and 90 
or recumbent). This may suggest the same mechanism is involved in perceiving this 
type  of  vibration  and  that  the  mechanism  is  not  greatly  affected  by  the  backrest 
inclination. 
With a fully reclined backrest (90), thresholds had a similar frequency-dependence to 
the sensitivity to longitudinal whole-body vibration of recumbent subjects (Miwa and 
Yonekawa, 1969, Szameitat and Dupuis, 1976; Miwa et al., 1984; Yonekawa et al., 
1999). Miwa and Yonekawa also determined the relative sensitivity of different parts of 
the  recumbent  body  (i.e.,  head,  back,  buttocks  plus  femora,  calves  plus  heels)  to 
longitudinal vibration apart from the whole body. Sensitivity of the back was less than 
sensitivity  of  the  whole-body  (by  about  6  dB)  at  frequencies  greater  than  4  Hz. 
Thresholds for the back obtained in the present study were consistently greater than 
thresholds  for  whole-body  vibration  reported  for  recumbent  subjects  in  previous 
studies. This might be due to less force at the back in the present studies because 
body  weight  was  partially  supported  at  other  locations,  or  due  to  inter-subject 
variability, or due to the use of different psychophysical methods. 
The artefactual trend for lower thresholds (i.e., greater sensitivity) at frequencies less 
than 4 or 5 Hz with all backrest inclinations is similar to that found with x-axis vibration 
of the back and is thought to be associated with relative motion between the moving 
backrest and the stationary seat pan. 
9.3.2 Vibration discomfort 
Similar to thresholds, reclining the backrest had no significant effects on equivalent 
comfort contours for z-axis backrest vibration. The frequency-dependence of equivalent 
comfort  contours  for  all  backrest  inclinations  was  similar:  discomfort  caused  by 
acceleration decreased with increasing frequency at approximately 6 dB per octave, 
corresponding  to  constant  velocity,  with  all  backrest  inclinations.  Discomfort  was 
mostly felt in the upper back and the lower back at all frequencies and at all vibration 
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discomfort in most conditions. Discomfort tended to localise around the source of the 
vibration  at  frequencies  greater  than  4  Hz  (Griffin,  1990).  Stimulation  of  the 
somatosensory system, possibly arising from shear and compression of soft tissues of 
the upper back in contact with the backrest, may have caused discomfort. Systematic 
increases  in  strain,  caused  by  increasing  displacement  between  the  back  and  the 
backrest with decreasing frequency, may explain the systematic increase in discomfort 
with decreasing frequency.  
There  was  indication  of  an  effect  of  vibration  magnitude  on  equivalent  comfort 
contours  with  a  fully  reclined  backrest  (90):  the  rate  of  growth  of  discomfort  with 
increasing  vibration  magnitude  was  significantly  dependent  on  the  frequency  of 
vibration. A clear trend towards a decrease in the frequency of greatest discomfort 
(from  4  Hz  to  2.5  Hz)  with  increasing  magnitude  of  vibration  is  consistent  with  a 
decrease  in  the  resonance  frequencies  (from  3.7  to  2.4  Hz)  as  the  magnitude  of 
longitudinal horizontal whole-body vibration increased from 0.125 to 1.0 ms
-2 r.m.s. 
when semi-supine (Huang and Griffin, 2008). This suggests the resonance influences 
discomfort caused by vibration of the back over this frequency range. A similar trend 
was also evident in the equivalent comfort contours with the backrest inclined at 60.  
9.3.3 Frequency weightings 
No frequency weighting is recommended in current standards (e.g., BS 6841:1987; 
ISO 2631-1:1997) for predicting the perception of  z-axis vibration of the back. The 
present study suggests that acceleration  thresholds for  z-axis vibration of the back 
(with any inclination of the backrests) increase by approximately 6 dB per octave as 
the frequency increases from 2.5 to 25 Hz – similar to the Wd weighting defined in the 
standards. 
The z-axis acceleration of a backrest required to produce equivalent discomfort with all 
backrest inclinations also tended to increase with increasing frequency at the rate of 6 
dB per octave. This suggests the Wd weighting is also suitable for evaluating z-axis 
backrest vibration with respect to comfort for all backrest inclinations. However, with 
the backrest inclined at 60 and 90 (recumbent), there is a clear effect of vibration 
magnitude  on  equivalent  comfort  contours  at  frequencies  less  than  4  Hz.  The 
equivalent comfort contours at low magnitudes in this frequency range are consistent 
with  contours  for  longitudinal  horizontal  whole-body  vibration  of  recumbent  person. 
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dependence of discomfort with all inclinations of backrests it may be less precise for 
low frequencies with greater backrest inclinations (e.g., 60 and 90). 
9.4  VERTICAL SEAT VIBRATION 
9.4.1 Vibration discomfort 
Discomfort arising from vertical seat vibration has been widely researched and the 
frequency-dependence of discomfort has been found to be fairly consistent in different 
studies. Equivalent comfort contours obtained with a stationary upright backrest in the 
present  study  are  broadly  similar  to  the  findings  of  previous  studies  with  upright 
backrests and footrests moving with the seat (Shoenberger and Harris, 1971; Oborne 
and Boarer, 1982; Donati et. al, 1983; Corbridge and Griffin, 1986). The frequencies of 
acceleration producing greatest discomfort are between about 4 or 5 Hz and 12.5 Hz. 
The rate at which discomfort reduced with increasing frequency at high frequencies is 
also  similar,  as  seen  in  the  slopes  of  the  contours.  However,  the  shapes  of  the 
contours differ at low frequencies due to relative motion between the seat and the feet 
or  between  the  seat  and  the  backrest.  The  frequencies  of  greatest  discomfort  are 
associated with the frequencies of the principal resonance frequencies in the vertical 
apparent masses of people seated with an upright backrest, around 5 Hz (e.g., Fairley 
and Griffin, 1989). 
With  a  stationary  backrest  inclined  to  30,  there  was  a  significant  reduction  in  the 
discomfort  caused  by  vertical  seat  vibration  at  5  Hz,  and  shift  in  the  frequency  of 
greatest discomfort to 6.3 and 8 Hz. The shift in the frequency of greatest discomfort 
from 5 Hz with an upright backrest to 6.3 and 8 Hz with the backrest inclined at 30, is 
consistent  with  a  shift  in  the  resonance  frequency  in  the  vertical  apparent  mass 
measured at the seat: from 5 or 5.5 Hz with an upright backrest to 6.4 or 7.5 Hz with a 
backrest inclined at 30 (Toward and Griffin, 2009; Shibata and Maeda, 2009). There 
is a trend towards increased discomfort at higher frequencies with increasing backrest 
inclination, as seen in the equivalent comfort contours for vertical seat vibration with 
the backrest inclined at 60 and 90 (recumbent). 
The rate of growth of discomfort with increasing magnitude of vertical seat vibration 
was strongly dependent on the frequency of vibration with all backrest conditions – 
indicating an effect of vibration magnitude on equivalent comfort contours for vertical 
seat  vibration  with  all  backrest  conditions.  With  no  backrest,  as  the  vibration 
magnitude  increased  the  frequency  of  greatest  discomfort  caused  by  vertical 228 
 
acceleration decreased from 8 Hz, consistent with nonlinearity in the apparent mass 
and transmissibilities to the lumbar spine, where resonance frequencies decrease with 
increases in vibration magnitude from 0.125 ms
-2 r.m.s. to 2.0 ms
-2 r.m.s. (Matsumoto 
and Griffin, 2002). With a fully reclined backrest (90 or recumbent), a decrease in the 
frequency of greatest discomfort with increasing magnitude of vibration can also be 
seen in the equivalent comfort contours: the contour for low sensation magnitudes 
indicates a frequency of greatest discomfort around 12.5 Hz, whereas the contour for 
high sensation magnitudes indicates a frequency of greatest discomfort around 5 Hz. 
The magnitude-dependence of the frequency of greatest discomfort to acceleration is 
associated with a nonlinearity in the biodynamic responses of the supine body. When 
recumbent, voluntary and involuntary muscle activity can be expected to be minimal, 
and  inherent  thixotropic  properties  of  the  soft  tissues  are  assumed  to  reduce  the 
stiffness and reduce the resonance frequency with greater magnitudes of excitation 
(Huang and Griffin, 2008; 2009). 
9.4.2 Frequency weightings 
Frequency weighting Wb and Wk are recommended in BS 6841 (1987) and ISO 2631-1 
(1997) for the evaluation of vertical (z-axis) vibration of a seat.  
With all backrest conditions, the artefactual influence of relative motion between the 
vibrating seat and stationary footrest or between the vibrating seat and the stationary 
backrest can be seen at frequencies less than about 4 Hz.  
With no backrest and an upright backrest (0), at frequencies from 4 to 25 Hz, the Wb 
weighting seems to provide a reasonable prediction for low sensation magnitudes, but 
tends to overestimate sensitivity at high frequencies with high vibration magnitudes. 
Neither the Wb frequency weighting nor the Wk frequency weighting can reflect the 
nonlinearity in the equivalent comfort contours.  
With  the  backrest  reclined  to  30,  the  Wb  weighting  provides  a  fairly  reasonable 
prediction at low and intermediate magnitudes of vibration, but is less suitable at high 
magnitudes. With the  backrest reclined  to  60  and  90, there  is  a  contour  broadly 
similar to the Wb weighting, but the large influence of the non-linearity makes it (and 
any other weighting) inappropriate at some magnitudes. 
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9.5  INTER-AXIS  EQUIVALENCE:  BACKREST  VIBRATION  (x-AND  z-
AXIS) AND VERTICAL SEAT VIBRATION 
9.5.1 Relative discomfort 
The  relative  importance  between  input  locations  and  directions  (x-axis  and  z-axis 
vibration  of  the  back,  vertical  seat  vibration)  with  each  backrest  inclination  can  be 
determined from the inter-axis equivalence, addressed by axis multiplying factors in 
the prediction model in the standards. 
Inter-axis equivalence refers to the vibration acceleration of each input (e.g.,  x-axis 
and  z-axis  vibration  of  the  backrest,  or  vertical  seat  vibration)  required  at  each 
frequency to cause similar discomfort. Within each backrest inclination, the inter-axis 
equivalent  will  indicate  the  relative  importance  of  each  input  to  overall  vibration 
discomfort. This has been used as a basis for determining the axis multiplying factors 
in the standards (Griffin et al., 1982). 
In the first three experiments, the relative discomfort of each vibration input in the x-
axis and z-axis vibration of the backrest, and vertical seat vibration were determined 
with four different backrest inclinations (0, 30, 60 and 90 or recumbent) using a 
similar common reference vibration (i.e., 8-Hz vertical hand vibration at 2 ms
-2 r.m.s.). 
Therefore,  the  relative  discomfort  with  this  vibration  input  between  backrest 
inclinations  (as  seen  in  Figure  4.8,  Figure  5.6,  and  Figure  6.5)  can  be  overlaid  to 
indicate the inter-axis equivalence between these inputs with each backrest inclination 
(Figure 9.1). 
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Figure 9.1 Vibration acceleration required of x-axis and z-axis backrest vibration and 
z-axis seat vibration to cause discomfort equivalent to that caused by 8-Hz vertical 
hand vibration at 2 ms
-2 r.m.s.: (a) upright backrest (0), (b) backrest 30, (c) backrest 
60, and backrest 90 (recumbent). 
With all backrest inclinations, x-axis vibration of the back consistently produced greater 
discomfort  than  vertical  seat  vibration  at  frequencies  greater  than  about  8  Hz. 
Discomfort from high-frequency x-axis vibration of the backrest was associated with 
greater discomfort in the head or neck. With an upright backrest, greater discomfort 
with x-axis vibration of the backrest than with vertical seat vibration may have been 
caused by the stationary headrest used when determining the discomfort caused by x-
axis  vibration  of  the  backrest  (Experiment  1).  The  stationary  headrest  may  have 
encouraged  a  more  upright  upper  body  posture,  thus  increasing  contact  with  the 
backrest and causing greater discomfort with higher frequencies of vibration. 231 
 
There is a clear shift in the frequency of greatest discomfort and the input location 
causing  greatest  discomfort  with  changes  in  backrest  inclination.  With  an  upright 
backrest,  the  frequency  of  greatest  discomfort  was  associated  with  vertical  seat 
vibration around 4 to 5 Hz. With increasing inclination of the backrest, the frequency of 
greatest  discomfort  shifts  towards  higher  frequencies,  around  8  to  12.5  Hz.  The 
discomfort  caused  by  x-axis  vibration  of  the  backrest  is  greater  than  vertical  seat 
vibration at frequencies around 12.5 Hz, as indicated by the difference in accelerations 
of  these  inputs  required  to  cause  similar  discomfort.  The  difference  between  the 
accelerations of the x-axis vibration of the back and vertical seat vibration increased 
with increasing inclination of the backrest. The increase in the frequency of greatest 
discomfort  and  the  change  in  the  input  location  causing  greatest  discomfort  with 
changing  backrest  inclination  may  be  associated  with  changes  in  the  resonance 
frequency of the body.  With the upright backrest, the greatest discomfort at 4 to 5 Hz 
coming from vertical seat vibration is consistent with the resonance frequency in the 
vertical apparent mass measured at the seat for people sitting with an upright backrest 
(e.g.  Fairley  and  Griffin,  1989).  With  greater  inclination  of  the  backrest,  a  greater 
percentage of the body weight is supported by the backrest and less is supported by 
the seat pan. A frequency of greatest discomfort around 12.5 Hz, coming from x-axis 
vibration  of the  backrest  with  a  fully  reclined  backrest  (90),  is  consistent  with  the 
second resonance in the transmission of back-to-sternum vibration of the semi-supine 
body, reported to be around 12.5 Hz (Huang and Griffin, 2009). 
With greater inclination of the backrest (e.g., 60 and 90), there is an indication of 
reduced discomfort from x-axis vibration of the back and from vertical seat vibration at 
frequencies around 4 to 8 Hz. Reduced discomfort at these frequencies with a more 
reclined  backrest  is  associated  with  less  discomfort  in  the  head  or  neck.  Greater 
support  for  the  back  may  have  increased  postural  stability,  requiring  less  muscle 
activity  to  maintain  posture  and  this  may  have  contributed  to  reduced  vibration 
discomfort. 
9.5.2 Axis multiplying factors 
The axis multiplying factors required for the prediction of discomfort with an inclined 
backrest should reflect the change in frequency of greatest discomfort and the input 
location with changing backrest inclination, although they are difficult to determine. 
The relative discomfort between input locations, as explained in the preceding section, 
could be the basis for determining the axis multiplying factors required in the prediction 
model.  Sensitivity to x-axis vibration of the back is greater than sensitivity to vertical 232 
 
seat vibration at high frequencies (greater than about 8 Hz) with inclined backrests. 
Sensitivity  to  vertical  seat  vibration  and  x-axis vibration  of the  back  at frequencies 
between 4 and 8 Hz reduced with greater inclination of the backrest (60 and 90). 
9.6  VERTICAL WHOLE-BODY VIBRATION 
9.6.1 Vibration discomfort 
The presence of an upright backrest, although it exposed subjects to an additional 
source of excitation along the z-axis of the back, did not greatly change discomfort. 
However, there was a tendency for the backrest to increase perception of vibration in 
the upper-body (upper-back, shoulder, neck,  and head)  and  increase discomfort at 
frequencies  greater  than  8  Hz.  This  is  consistent  with  greater  discomfort  with  the 
upright  backrest  than  without  the  backrest  at  frequencies  greater  than  8  Hz,  as 
observed in a comparison of previous studies in Chapter 2 (Section 2.4.4). Greater 
discomfort  with  the  presence  of  the  upright  backrest  at  high  frequencies  could  be 
associated with an increase in the vertical apparent mass at frequencies between the 
principal resonance frequency and around 20 Hz (e.g., Wang et al., 2004). With the 
back, lumbar, and pelvis region in contact with a backrest and a seat pan, the vibration 
transmitted to the body is increased. There is also a suggestion of a stiffening effect of 
the body when in contact with an upright backrest. An increase has been observed in 
the resonance frequency of the vertical apparent mass from 5 Hz without a backrest to 
5.5  Hz  with  a  backrest  (Toward  and  Griffin,  2009).  An  increase  in  the  resonance 
frequency with a backrest also increases the apparent mass at high frequencies with a 
backrest. The presence of an upright backrest does not seem to cause any difference 
in the discomfort at low frequencies (i.e., less than 5 Hz). 
There is a clear trend for greater discomfort at frequencies greater than about 8 Hz 
and less discomfort around 5 and 6.3 Hz when a backrest is inclined (to 30, 60 and 
90 or recumbent) than with an upright backrest (0). This could partly be explained by 
an increase in discomfort at the head or neck at high frequencies and a decrease in 
discomfort at low frequencies with the inclined backrests. Discomfort at the head or 
neck might have been induced by vibration of the inclined backrest in the x-axis of the 
body. The frequencies of x-axis vibration of the back causing greatest discomfort shift 
from below 8 Hz to around 10 or 12.5 Hz as a backrest is inclined: about 40 to 50% 
less acceleration required to cause similar discomfort at frequencies above 8 Hz with 
inclined backrest than with an upright backrest (Kato and Hanai, 1998), and about 30 233 
 
to 40% greater acceleration is required at frequencies between 4 to 8 Hz to cause 
similar discomfort to that with an upright backrest (Basri and Griffin, 2011a). 
Greater discomfort with inclined backrests at high frequencies (greater than 8 Hz) and 
less  discomfort  at  low  frequencies  may  be  associated  with  an  increase  in  the 
resonance frequencies of the vertical apparent mass. The resonance frequency in the 
vertical apparent mass increases as the inclination of a backrest increases: from 5 or 
5.5  Hz  with  an  upright  backrest  to  6.5  or  7.5  Hz  with  a  backrest  inclined  by  30 
(Shibata and Maeda, 2009; Toward and Griffin, 2009). An increase in the resonance 
frequency of the vertical apparent mass on the seat as a backrest inclines is consistent 
with a greater percentage of the body mass being supported by an inclined backrest, 
and the backrest becoming a more important source of vibration.  
The  frequency-dependence  of  the  equivalent  comfort  contours  for  a  fully  reclined 
backrest  (recumbent)  is  broadly  consistent  with  absolute  thresholds  reported  in 
previous studies (Figure 7.9, Section 7.4.2). Greater discomfort at frequencies greater 
than  8  Hz  may  be  associated  with  resonance  frequencies  in  the  vertical  apparent 
mass of the semi-supine body (at 7 or 9.4 Hz) when lying with maximum contact with a 
horizontal  flat  backrest  (Huang  and  Griffin,  2008)  and  the  resonances  in  the 
transmission of vertical vibration from a back support to the sternum (between 6 and 
12 Hz) in the same posture (Huang and Griffin, 2009).  
9.6.2 Prediction model 
Discomfort arising from whole-body vertical vibration can be predicted by evaluating 
vibration acceleration at the seat, the back, and the feet (BS 6841, 1987; ISO 2631-1, 
1997).  Vibration  accelerations  at  these  input  locations  are  frequency-weighted  and 
axis-weighted and then combined by means of an r.s.s. procedure to yield a single 
value, referred as an ‘overall ride value’ (Figure 9.2). Frequency weightings and axis 
multiplying factors are based on the frequency-dependence of discomfort arising from 
the  vibration  inputs  and  the  relative  importance  of  these  inputs  to  overall  vibration 
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Figure 9.2 Model for predicting discomfort with multi-input vibration of seated people 
with an inclined backrest comprising a three step procedure: (i) acquisition of vibration 
acceleration  at  input  locations,  (ii)  frequency  and  axis-weightings,  and  (iii)  r.s.s. 
summation to yield an overall ride value. 
The model in the current standards provides a credible prediction of discomfort caused 
by the vertical whole-body vibration of people sitting with no backrest. However, the 
prediction  is  less  satisfactory  when  sitting  with  an  upright  backrest  (0)  or  with  a 
backrest inclined at 30, 60, or 90 (recumbent). With the upright backrest, discomfort 
arising from low frequency z-axis vibration of the backrest is overestimated. There is 
still a deficiency in understanding the discomfort caused by low-frequency (i.e., less 
than 4 or 5 Hz) whole-body vibration with upright or inclined backrests. With inclined 
backrests,  the  procedures  in  current  standards  overestimate  overall  discomfort  at 
frequencies around 5 and 6.3 Hz and underestimate discomfort caused by frequencies 
greater  than  about  8  Hz.  The  inaccuracy  in  the  prediction  is  consistent  with  the 
overestimation  of  the  of  caused  by  x-axis  vibration  of  the  backrest  at  frequencies 
between 4 and 8 Hz and underestimation at frequencies above 8 Hz using the Wc 
weighting.  Also,  there  is  an  overestimation  of  discomfort  caused  by  vertical  seat 
vibration at frequencies around 5 or 6.3 Hz when using the Wb weighting (or an axis 
multiplying factor of unity) for persons sitting with an inclined backrest.  
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9.7  VERTICAL VIBRATION AND COMPLIANT SEATS 
9.7.1 Vibration discomfort 
Vibration discomfort when sitting on compliant seats was the greatest at frequencies 
around 4 Hz. This was partially due to the resonance of the human-seat system when 
sitting on the foam: the floor-to-seat vertical transmissibility and the floor-to-back x-axis 
transmissibility were greatest around 3.5 to 4.5 Hz. Amplification of vibration at the 
seat surface also produced movement in shear between the back and the backrest 
causing discomfort in the lower-back and the upper-back.  
Compliant seats reduced vibration discomfort at frequencies greater than about 6.3 Hz. 
The  combined  dynamic  properties  of  the  human  body  and  the  foams  resulted  in 
vibration isolation at these frequencies. The foam reduced high frequency vibration at 
the seat and the backrest by more than 50%, leaving vibration at the feet the dominant 
source of discomfort and more subjects reporting discomfort in either their feet or their 
lower legs at high frequencies when sitting on the compliant seats than when sitting on 
the rigid seat. 
Contact  with  the  compliant  reclined  backrest  tended  to  increase  the  vibration 
transmitted through the seat cushion at frequencies between about 4 and 9 Hz. In part, 
this  might  arise  because  movement  of  the  upper-body  induced  by  the  backrest  is 
transmitted to the lower-body and the seat surface, consistent with a resonance of the 
upper-body between 4 and 8 Hz in the x-axis of the back. Contact with the backrest 
may also change the dynamic response of the body (e.g., the vertical apparent mass 
measured at the seat) and the combined dynamic response of the seat-body system 
(Toward and Griffin, 2009). 
9.7.2 Prediction model 
The seat effective amplitude transmissibility (SEAT) concept is proposed as a model 
for  predicting  vibration  discomfort  with  multi-input  vibration  with  compliant  reclined 
seats.  The  SEAT  value,  calculated  from  the  ratio  of  the  overall  ride  value  with  a 
compliant  to  the  overall  ride  value  with  a  rigid  seat,  indicates  the  effect  of  the 
compliance of a seat on vibration discomfort (Figure 9.3).  236 
 
 
Figure 9.3 The SEAT value, a ratio of the overall ride value sitting on a compliant seat 
to the overall ride value when sitting on a reference seat (rigid seat), is proposed for 
predicting vibration discomfort with multi-input vibration as with a compliant reclined 
seat. 
With multiple-input vibration, the SEAT value is comprised of more than one input and 
the relative weighting of each input influences the overall SEAT value. With single-
frequency vibration transmitted to the seat, the back, and the feet, if the ratios of the 
weightings between these inputs are incorrect, the overall SEAT value will also be 
incorrect. However, the direction of the error in the SEAT value will depend on whether 
the magnitude of vibration at any point is greater than or less than with a rigid seat. If 
the  vibration  transmitted  to  any  location  is  greater  than  with  a  rigid  seat  (i.e.,  the 
transmissibility  is  greater  than  1.0),  the  SEAT  value  will  be  over-estimated  if  the 
weighting is too great. If the vibration transmitted to any location is less than with a 
rigid seat (i.e., the transmissibility is less than 1.0), the SEAT value will be under-
estimated if the weighting is too great. In the present study, the greatest  errors in 
SEAT values will therefore tend to occur at the frequencies where foam increased the 
transmission of vibration to the body (e.g., around 4 Hz) or where the foam decreased 
the transmission of vibration to the body (e.g., above about 8 Hz). 
An effect of backrest inclination on the frequency weighting for vertical seat vibration is 
evident. The SEAT value calculated using the standardised weightings (i.e., Wb with k 
=  1.0) overestimated discomfort at  3.15 Hz where there was great amplification of 
vertical seat vibration. The standardised weightings are too great. With the inclined 
backrest  used  in  the  study,  the  contribution  from  vertical  seat  vibration  at  this 237 
 
frequency should be approximately 50% less, as reported earlier (Chapter 6; Basri and 
Griffin, 2012a). 
An effect of backrest inclination on the frequency weighting for x-axis back vibration is 
also  evident.  The  SEAT  values  calculated  using  the  Wc  weighting  overestimated 
discomfort at frequencies around 4 to 6.3 Hz. The foam amplified x-axis vibration at 
the back between 4 and 8 Hz. It has been reported that the discomfort caused by x-
axis vibration of a backrest reduced by 30 to 40% when the backrest was reclined from 
0 (upright) to 30° (Chapter 4; Basri and Griffin, 2011a). Therefore, the Wc weighting 
could be too great for x-axis acceleration of the back when a backrest is inclined to 30, 
as  in  the  present  study.  Furthermore,  the  SEAT  value  was  also  overestimated 
discomfort  at  frequencies  greater  than  about  6.3  Hz.  The  foam  attenuated  x-axis 
backrest vibration at these frequencies. The use of the Wc weighting for evaluating the 
discomfort of x-axis vibration of an inclined backrest would be underestimated by 40 to 
50%  at  frequencies  greater  than  8  Hz  (Kato  and  Hanai,  1998).  If  the  x-axis  back 
vibration  was given greater weight (as implied by Kato  and Hanai, 1998), it would 
contribute more to the overall ride value, with a greater increase in the rigid seat than 
in the compliant seats. This would reduce the SEAT values in the compliant seats so 
that they were more similar to the measured discomfort. 
9.8  LIMITATIONS OF THE PREDICTION MODEL 
Discomfort  from  whole-body  vertical  vibration  with  an  inclined  backrest  can  be 
predicted  from  the  vibration  accelerations  at  each  input  (e.g.,  the  x-  and  z-axis 
vibration  of  the  back  and  vertical  seat  vibration)  using  appropriate  weightings  that 
reflect the effect of backrest inclination on each of these inputs. However, evaluating 
vibration acceleration alone may not be adequate for predicting vibration discomfort 
with compliant reclined seats. Amplification of vibration either at the seat squab or seat 
backrest may cause additional sources of discomfort from shear between the body 
and the support.  
The  effect  of  phase  between  the  seat  and  feet  is  significant,  particularly  with  low 
frequency and low magnitude vertical vibration (Section 2.6.5). The prediction model 
does not consider the effect of relative motion between two different input locations 
(e.g., between seat and feet, or between seat and back, or between back and feet). 
Therefore, the inclusion of the effect of relative motion in the model can be expected to 
improve the prediction of vibration discomfort with compliant seats. 238 
 
A  significant  reduction  in  discomfort  with  the  attenuation  of  vibration  at  high 
frequencies does not seem to be adequately shown in the prediction. This might be 
due to a change in the relative importance of feet vibration when there is attenuation of 
vibration at the seat. 
The  proposed  model  is  intended  for  a  general  procedure  for  the  prediction  of 
discomfort  to  reflect  the  response  of  a  large  majority  of  a  population  –  assuming 
healthy male subjects as  a representative group of the majority. However,  there is 
some evidence of systematic causes of inter-subject variability, due to factors such as 
body  size  (Griffin  et  al.,  1982a)  and  gender  (Corbridge  and  Griffin,  1986)  so  the 
applicability of the proposed model for predicting discomfort of a specific demographic 
type may require more specific weightings for that group.  
9.9  RECOMMENDATION FOR FUTURE WORK     
Artefactual  effects  of  relative  motion  at  low  frequencies  (less than  about  4  Hz)  on 
discomfort with backrest and seat pan vibration are evident (Chapter 4, 5 and 6). Since 
this  frequency  range  is  dominant  in  vehicle  vibration,  it  is  desirable  to  devise  an 
experiment that allows the effect of vibration input at the back and the seat, as well as 
backrest inclination on discomfort with low frequencies to be investigated without this 
artefact. 
Compliant seats amplify or attenuate vibration at the seat-body interfaces, according to 
the frequency of vibration, resulting in relative motion between the seat and the feet, or 
between the seat and the backrest. Relative motion, for example between the seat and 
the feet, could have a bearing on the discomfort in the legs and the feet. Attenuation of 
vibration  acceleration  at  the  seat  with  high  frequencies  (greater  than  about  5  Hz) 
causes vibration acceleration at the floor to dominate and discomfort in the legs and 
feet  to  become  more  important.  A  more  in-depth  understanding  of  the  effects  of 
relative motion between supporting surfaces on discomfort is necessary. The inclusion 
of  the  effect  of  relative  motion  in  a  SEAT  model  can  be  expected  to  improve  the 
prediction of vibration discomfort with compliant seats. 
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Chapter 10    
  CONCLUSION 
CONCLUSION 
The  frequency-dependence  of  acceleration  thresholds  and  equivalent  comfort 
contours for x-axis vibration of the back change with backrest inclination (Chapter 4). 
The frequency of greatest sensitivity to x-axis vibration of the backrest increases from 
below  8  Hz  with  an  upright  backrest  (0)  to  around  10  or  12.5  Hz  with  inclined 
backrests  (30,  60  and  90  or  recumbent).  There  is  also  evidence  of  reduced 
sensitivity around 4 to 8 Hz (by 30 to 40%) when a backrest is inclined to 30, 60, and 
90, and increased sensitivity at frequencies greater than 8 Hz (by 40 to 50%) when a 
backrest is inclined to 20 or 40. The increase in the frequency of greatest sensitivity 
seems to be associated with a change in the resonance frequency of the apparent 
mass of the body measured in  the  x-axis of the back with the change in backrest 
inclination.  These  differences  imply  the  Wc  weighting  that  may  be  suitable  for 
predicting the frequency-dependence of discomfort caused by x-axis vibration of the 
back with an upright backrest but not  ideal with inclined backrests. A new frequency 
weighting that reflects the change in the frequency-dependence of sensitivity to x-axis 
vibration of the back is required for predicting the probability of the perception and 
discomfort of vibration with an inclined backrest. 
The  frequency-dependence  of  acceleration  thresholds  and  equivalent  comfort 
contours  for  z-axis  vibration  of  the  back  do  not  change  with  backrest  inclination 
(Chapter 5). This seems to suggest the same frequency weighting (i.e., Wd) is suitable 
for evaluating z-axis vibration of a backrest at all angles of inclination.  However, the 
applicability  of  the  weighting  may  be  restricted  to  a  limited  range  of  vibration 240 
 
magnitudes.  With  a  fully-reclined  backrest  (90),  there  is  evidence  to  associate  a 
decrease in the frequency of greatest discomfort with increasing vibration magnitude 
with the non-linearity in the resonance frequency of the apparent mass measured in 
the z-axis of the back: the frequency of greatest discomfort decreased from 4 Hz with 
low magnitude excitation to around 2.5 Hz with high magnitude excitation. Therefore, 
the use of the Wd frequency weighting for a wider range of vibration magnitudes (from 
the absolute threshold for perception to a level associated with severe discomfort and 
risks to health) requires careful attention at low frequencies. The implementation of the 
weightings in the standards (Wd, k= 0.4) for evaluating z-axis vibration of a backrest 
with  whole-body  vertical  vibration  seems  to  suggest  an  overestimation  of  the 
contribution of discomfort caused by z-axis vibration of the back at low frequencies 
(less than about 4 Hz) with all backrest inclinations (Chapter 7). 
The frequency-dependence of equivalent comfort contours for vertical seat vibration 
changes with backrest condition (no backrest and backrests inclined to 0, 30, 60 
and 90) and magnitude of the vibration (Chapter 6). Within all backrest conditions, the 
frequency  of  greatest  discomfort  decreases  with  increasing  vibration  magnitude  – 
consistent with the nonlinearities in the primary resonances of the vertical apparent 
mass measured at the seat reported in earlier studies for conditions with no backrest, 
an upright backrest, or a backrest inclined at 30. Compared to the upright backrest, 
around the primary resonance of the body, the vibration magnitudes required to cause 
similar discomfort were 100% greater with 60 and 90 backrest inclinations and 50% 
greater with a 30  backrest inclination. This suggests  a single frequency weighting 
may  not  provide  accurate  predictions  of  the  discomfort  caused  by  vertical  seat 
vibration  for  all  magnitudes  and  with  all  backrest  conditions.  The  Wb  frequency 
weighting may provide suitable predictions of the frequency-dependence of discomfort 
for fairly low vibration magnitude vertical seat vibration with no backrest or with an 
upright backrest (0). The weighting tends to underestimate the discomfort caused by 
vertical  seat  vibration  at  frequencies  greater  than  about  12.5  Hz  with  inclined 
backrests (30, 60 or 90). Therefore, there is a need for a new frequency weighting 
and axis multiplying factor to improve the accuracy in the prediction of discomfort with 
inclined backrests at frequencies around resonance and at frequencies greater than 
12.5 Hz. 
In Chapter 7, equivalent comfort contours for whole-body vertical vibration determined 
for five backrest conditions (no backrest and backrest inclined to 0, 30, 60 and 90) 
show how the frequency-dependence of discomfort depends on backrest inclination. 241 
 
They  also  show  the  applicability  of  the  current  standardised  model  for  predicting 
vibration discomfort caused by the vertical whole-body vibration of seated people with 
inclined backrests. A backrest increased discomfort at frequencies greater than about 
8 Hz, especially when the backrest was inclined to 30, 60, and 90 (recumbent). With 
an inclined backrest there was increased discomfort at the head or neck with high 
frequency vibration but less discomfort at low frequencies and at around 5 and 6.3 Hz. 
The evaluation procedures in current standards overestimate overall discomfort arising 
from  the  vibration  of  inclined  backrests  at  frequencies  around  5  and  6.3  Hz  but 
underestimate discomfort caused by frequencies greater than about 8 Hz. 
The SEAT value appears to provide a useful prediction of how compliant seats with 
inclined backrests influence the discomfort caused by vertical vibration (Chapter 8). 
From  subjective  judgments,  the  compliant  seats  increased  vibration  discomfort  at 
frequencies around the 4-Hz resonance but reduced discomfort at frequencies greater 
than about 6.3 Hz. The SEAT values provided appropriate indications of the changes 
in discomfort with frequency, but tended to overestimate vibration discomfort with the 
softer foam and with the firmer foam at frequencies from 8 to 12.5 Hz. The differences 
between  SEAT  values  and  subjective  judgements  can  be  explained  by  known 
assumptions  and  simplifications  in  currently  standardised  methods  of  predicting 
vibration  discomfort.  The  principal  causes  of  discrepancies  are  likely  to  be  the 
dependence of frequency weightings for vertical (i.e. z-axis) seat vibration and fore-
and-aft (i.e. x-axis) back vibration on the inclination of a backrest, and the discomfort 
caused by relative motion between the seat and the feet and between the seat and the 
backrest.  
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Appendices     
 
 
APPENDIX A  Health Questionnaires 
Health Questionnaires 
A set of health questionnaires used to screen the subjects before selecting them to 
participate in all experiments.   244 
 
HEALTH QUESTIONAIRE FOR SUBJECTS 
        Ref No: ………….………….… 
Name:  ………………………………………..       
Age:  ……………..  Dominant hand:  Right  Left   
Nationality:  ……………..  Occupation:  Student  Staff  Other 
 
Please answer  all the questions below. All information given will be treated strictly 
CONFIDENTIAL 
1  Do you smoke? 
  YES  NO  If yes, how many cigarettes per day? 
         
2  How much alcohol do you consume weekly? 
  Never  1-3 units  4-6 units  More than 6 units 
         
3  Do you take any drugs or medication? 
  YES  NO  If yes, please specify: ……………………………… 
         
4  Do you have any back injuries? 
  YES  NO  If yes, please specify: ……………………………… 
         
5  Do you suffer from any disease such as: 
  Diabetes  Vascular 
problems 
Neuropathy 
problems 
Others 
  None       
 
Thank you very much for your cooperation.   
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Subject No:  ……………… 
  Age  ……………… 
  Weight  ……………… 
 
Anthropometric data:   
No  Dimension   
1  Standing height  ……………… 
8  Sitting height  ……………… 
10  Sitting shoulder  ……………… 
14  Buttock-popliteal length  ……………… 
15  Knee height  ……………… 
17  Shoulder breath  ……………… 
19  Hip breath  ……………… 
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APPENDIX B  Anthropometric data 
Anthropometric data 
Anthropometric measurement of each subject for each experiment 
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B.1 Subject data: Experiment 1 (Chapter 4) 
Table  B.1  Data  of  subjects  participated  in  Experiment  1  (x-axis  vibration  of  the 
backrest) 
  s01  s02  s03  s04  s05  s06  s07  s08  s09  s10  s11  s12  mean  std 
dev 
Age  40  27  28  25  21  28  28  25  32  25  29  25  27.8  4.7 
Weight  90  56  90  55  53  69  74  56  54  80  75  48  66.7  14.9 
Stature   170  171  176  165  175  170  167  166  168  185  185  164  172  7.1 
Sitting height  91  93  90  87  87  88  92  92  88  96  94  89  90.6  2.9 
Shoulder height  64  67  62  58  62  60  66  62  63  67  72  56  63.3  4.4 
Buttocks-knee  55  55  59  50  57  56  56  52  52  60  62  50  55.3  3.8 
Buttocks-popliteal  43  44  47  39  45  45  43  42  41  48  48  39  43.7  3.1 
Knee height   55  53  61  53  56  59  56  50  53  61  60  52  55.8  3.7 
Shoulder breadth  52  39  52  41  42  44  46  43  41  50  46  41  44.8  4.5 
Hip breadth   39  34  42  36  34  36  37  33  37  40  36  33  36.4  2.8 
BMI  31.1  19.2  29.1  20.2  17.3  23.9  26.5  20.3  19.1  23.4  21.9  0.0  21.0  7.8 
 
 
B.2 Subject data: Experiment 2 (Chapter 5) 
Table  B.2  Data  of  subjects  participated  in  Experiment  2  (z-axis  vibration  of  the 
backrest) 
  s01  s02  s03  s04  s05  s06  s07  s08  s09  s10  s11  s12  mean  std 
dev 
Age  27  22  25  27  27  22  29  25  22  41  25  22  26.2  5.3 
Weight  65  73  70  73  56  61  69  60  63  85  65  55  66.3  8.4 
Stature  174  178  165  183  171  168  176  178  170  170  168  173  173  5.2 
Sitting height  90  93  83  95  93  84  90  99  87  89  91  90  90.3  4.5 
Shoulder height   62  61  54  67  67  56  60  69  58  60  56  63  61.1  4.8 
Buttocks-knee  58  59  52  59  55  58  63  56  56  56  56  56  57.0  2.7 
Buttocks-popliteal  46  48  44  48  44  47  63  45  45  42  44  47  46.9  5.4 
Knee height   56  60  53  58  53  56  52  53  56  53  52  55  54.8  2.5 
Shoulder breadth  45  49  45  46  39  41  48  45  45  50  44  41  44.8  3.3 
Hip breadth   36  39  37  39  34  35  47  37  36  42  36  35  37.8  3.6 
BMI  21.5  23.0  25.7  21.8  19.2  21.6  22.3  18.9  21.8  29.4  23.0  0.0  20.7  7.1 
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B.3 Subject data: Experiment 3 (Chapter 6) 
Table B.3 Data of subjects participated in Experiment 3 (vertical seat pan vibration) 
  s01  s02  s03  s04  s05  s06  s07  s08  s09  s10  s11  s12  mean  std 
dev 
Age  28  26  32  24  42  27  23  31  24  26  26  25  27.8  5.2 
Weight  65  48  72  60  83  56  76  60  60  65  62  80  65.6  10.3 
Stature  174  166  176  167  170  171  178  165  176  165  178  174  171.7  5.0 
Sitting height  90  92  94  84  90  93  91  86  86  85  93  89  89.4  3.4 
Shoulder height  62  60  63  55  61  67  62  58  57  53  64  59  60.1  3.9 
Buttocks-knee  58  51  59  52  56  55  56  52  58  56  56  60  55.8  2.9 
Buttocks-popliteal  46  42  46  42  43  44  44  41  45  45  48  47  44.4  2.2 
Knee height   56  51  56  52  55  53  55  53  54  53  55  56  54.1  1.7 
Shoulder breadth  45  43  48  40  49  39  48  44  45  45  46  45  44.8  3.0 
Hip breadth  36  35  37  33  40  34  39  37  35  37  36  39  36.5  2.1 
BMI  21.5  17.4  23.2  21.5  28.7  19.2  24.0  22.0  19.4  23.9  19.6  26.4  22.2  3.2 
 
B.4 Subject data: Experiment 4 (Chapter 7) 
Table B.4 Data of subjects participated in Experiment 4 (whole-body vertical vibration) 
  s01  s02  s03  s04  s05  s06  s07  s08  s09  s10  s11  s12  mean  std 
dev 
Age  25  26  31  25  27  24  26  23  27  24  28  26  26.0  2.1 
Weight  80  62  72  65  56  85  67  76  63  107  65  48  70.5  15.3 
Stature  174  178  172  165  171  194  173  178  172  194  174  166  175.9  9.3 
Sitting height  89  93  92  85  93  102  93  91  95  96  90  92  92.6  4.1 
Shoulder height  59  64  65  53  67  67  63  62  68  62  62  60  62.7  4.1 
Buttocks-knee  60  56  58  56  55  66  56  56  55  67  58  51  57.8  4.6 
Buttocks-popliteal  47  48  49  45  44  54  45  44  43  53  46  42  46.7  3.8 
Knee height  56  55  56  53  53  61  57  55  55  65  56  51  56.1  3.7 
Shoulder breadth  45  46  44  45  39  52  48  48  45  55  45  43  46.2  1.1 
Hip breadth  39  36  37  37  34  41  38  39  39  42  36  35  46.3  4.2 
BMI  26.4  19.6  24.3  23.9  19.2  22.6  22.4  24.0  21.3  28.4  21.5  17.4  22.6  3.1 
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B.5 Subject data: Experiment 5 (Chapter 8) 
Table  B.5  Data  of  subjects  participated  in  Experiment  5  (vertical  vibration  and 
compliant seats) 
  s01  s02  s03  s04  s05  s06  s07  s08  s09  s10  s11  s12  mean  std 
dev 
Age  27  23  27  27  26  25  22  30  24  28  26  27  26.0  2.2 
Weight  48  76  62  60  80  86.2  79.6  79.8  107  67.9  68  70.3  73.7  14.9 
Stature   166  178  178  165  174  183  187  167  194  171  173  172  175.7  8.8 
Sitting height  92  91  93  85  89  99  94  90  96  93  93  95  100.7  29.6 
Shoulder height  60  62  64  53  59  68  64  62  62  67  63  68  65.5  10.5 
Buttocks-knee  51  56  56  56  60  61  60  54  67  55  56  55  56.8  3.2 
Buttocks-popliteal  42  44  48  45  47  48  51  47  53  44  45  43  47.6  6.6 
Knee height  51  55  55  53  56  58  61  55  65  53  57  55  55.2  2.7 
Shoulder breadth  43  48  46  45  45  47  46  42  55  39  48  45  45.8  3.9 
Hip breadth  35  39  36  37  39  39  38  40  42  34  38  39  38.0  2.2 
BMI  17.4  24.0  19.6  22.0  26.4  25.7  22.8  28.6  28.4  23.2  22.7  23.8  23.7  3.3 
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APPENDIX C    Instruction to subjects 
Instructions to subjects 
A set of written instructions provided to each subject prior to start of each experiment, 
and also placed on board in front of them during the experiment. 
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C.1 Instructions for subjects Experiment 1 (Chapter 4) 
 
INSTRUCTIONS FOR SUBJECTS 
Thank you for participating in this research project. 
The aims of this experiment are to determine: (1) absolute perception thresholds, (2) 
comfort  contours,  (3)  relative  discomfort,  and  (4)  the  location  of  discomfort  whilst 
exposed to vibration of the back with various backrest inclinations. You will undergo 
four tests to accomplish these aims. 
Please read carefully and follow the instructions below. 
 
Prior to the experiment 
  Complete the health questionnaires. 
  Your  standing  height,  sitting  height,  shoulder  height,  buttock-to-popliteal  length, 
knee height, shoulder breadth, hip breadth and weight will be measured. 
  After Test  protocol  1,  you  will  undergo  short  training  to familiarise  you  with  the 
following test. 
Preparation for the experiment 
  Sit comfortably on the seat-pan as guided by the experimenter. 
  With your hand holding the handle-pole, lean against the headrest and backrest as 
guided by the experimenter. 
  Put on the headphones. 
  Hold  the  emergency  stop  button  (to  be  used  to  stop  the  vibration  if  you  are 
concerned). 
  Lay your hands on your thighs and rest your feet on the footrest. 
During the experiment 
[Test protocol 1] – Test 1 
You will be presented with a series of test stimuli for durations of 2 seconds each. 
  Give your response to the experimenter by saying ‘YES’ or ‘NO’ every time the light 
is ON to indicate whether you perceive the vibration or not. 
[Test protocol 2] – Test 2a 
You will be presented with a series of reference and test stimuli for durations of 2 
seconds each with a 1 second interval between them. The reference stimulus is to be 
rated as 100. 
  Rate the test stimuli relative to reference stimuli presented to you immediately after 
each exposure. 
[Test protocol 3] – Test 2b 
You will be presented with a series of reference-test stimuli for durations of 2-seconds 
each with a 1-second interval between them. The reference stimulus will be at your 
back and the test stimulus will be at your right hand. The reference stimulus is to be 
rated as 100. 
  With your hand gripping the handle, rate the test stimulus relative to the reference 
stimulus presented to you after each exposure. 
[Test protocol 4] – Test 2c 
You will be presented with series of 2-second test stimuli at your back. 
  Indicate to the experimenter the part of your body that feels most discomfort after 
each exposure using the body map in front of you. 
Thank you very much for your cooperation. 253 
 
Poster 1 
[Placed on the instruction board of the test rig] 
For Test Protocol 2 and Test Protocol 3 
 
Rate the discomfort caused by the second stimulus relative to the first stimulus. 
(Assuming the discomfort caused by the first stimulus is rated as 100) 
Poster 2 
[Placed on the instruction board of the test rig] 
 
100  ? 
For Test 2c 
 
 
 
 
BODY MAP 
 
1 = head 
2 = neck 
3 = shoulders 
4 = upper back 
5 = lower back 
6 = buttocks 
7 = thighs 
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C.2 Instructions for subjects Experiment 2 (Chapter 5) 
INSTRUCTIONS FOR SUBJECTS 
Thank you for participating in this research project. 
The aims of this experiment are to determine: (1) absolute perception thresholds, (2) 
comfort  contours,  (3)  relative  discomfort,  and  (4)  the  location  of  discomfort  whilst 
exposed to vibration of the back with various backrest inclinations. You will undergo 
four tests to accomplish these aims. 
Please read carefully and follow the instructions below. 
 
Prior to the experiment 
  Complete the health questionnaires. 
  Your  standing  height,  sitting  height,  shoulder  height,  buttock-to-popliteal  length, 
knee height, shoulder breadth, hip breadth and weight will be measured. 
  After Test 1, you will undergo short training to familiarise you with the following test. 
Preparation for the experiment 
  Sit comfortably on the seat-pan as guided by the experimenter. 
  With your hand holding the handle-pole, lean against the headrest and backrest as 
guided by the experimenter. 
  Put on the headphones. 
  Hold  the  emergency  stop  button  (to  be  used  to  stop  the  vibration  if  you  are 
concerned). 
  Lay your hands on your thighs and rest your feet on the footrest. 
During the experiment 
Test 1 
You will be presented with a series of test stimuli for durations of 2 seconds each of 
which indicated by the cue light. 
  Give your response to the experimenter by saying ‘YES’ or ‘NO’ after the cue light 
is OFF to indicate whether you perceive the vibration or not 
Break for 5 minutes 
Test 2a 
You will be presented with a series of reference and test stimuli for durations of 2 
seconds each with a 1 second interval between them. The reference stimulus is to be 
rated as 100. 
  Rate the test stimuli relative to reference stimuli presented to you immediately after 
each exposure. 
Test 2b 
You will be presented with a series of reference-test stimuli for durations of 2-seconds 
each with a 1-second interval between them. The reference stimulus will be at your 
back and the test stimulus will be at your right hand. The reference stimulus is to be 
rated as 100. 
  With your hand gripping the handle, rate the test stimulus relative to the reference 
stimulus presented to you after each exposure. 
Test 2c 
You will be presented with series of 2-second test stimuli at your back 
  Indicate to the experimenter the part of your body that feels most discomfort after 
each exposure using the body map in front of you. 255 
 
Poster 1 
[Placed on the instruction board of the test rig] 
For Test 2a and Test 2b 
 
Rate the discomfort caused by the second stimulus relative to the first stimulus. 
(Assuming the discomfort caused by the first stimulus is rated as 100) 
Poster 2 
[Placed on the instruction board of the test rig] 
 
   
100  ? 
For Test 2c 
 
 
 
 
BODY MAP 
 
1 = head 
2 = neck 
3 = shoulders 
4 = upper back 
5 = lower back 
6 = buttocks 
7 = thighs 
8 = lower legs 
9 = upper arms 
10 = lower arms 256 
 
C.3 Instructions for subjects Experiment 3 (Chapter 6) 
 
INSTRUCTIONS FOR SUBJECTS 
Thank you for participating in this research project. 
The experiment has been approved by the University Human Experimentation Safety 
and Ethics Committee. The aims of this experiment are to determine: (Test 1) comfort 
contours, (Test 2) relative discomfort, and (Test 3) location of discomfort of vertical 
seat vibration of five different backrest conditions (sitting with no backrest or backrest 
with  four  different  inclinations).  In  your  first  day,  tests  on  one  of  these  backrest 
conditions are to be completed, followed by any two conditions in your second day and 
the remaining two conditions in your final day. 
Please read carefully and follow the instructions below. 
 
Before the experiment (on your first day) 
  Complete the health questionnaires. 
  Your  standing  height,  sitting  height,  shoulder  height,  buttock-to-popliteal  length, 
knee height, shoulder breadth, hip breadth and weight will be measured. 
  You will undergo short training to familiarise you with the test. 
To begin the experiment 
  Sit comfortably on the seat-pan as guided by the experimenter. 
  With your hand holding the handle-pole, lean against the headrest and backrest as 
guided by the experimenter. 
  Put on the headphones and blindfolds. 
  Hold  the  emergency  stop  button  (to  be  used  to  stop  the  vibration  if  you  are 
concerned). 
  Lay your hands on your laps/stomach and rest your feet on the footrest (or your 
legs on the support for lying posture). 
  You will undergo a few trials before the actual test commences. 
During the experiment 
Test 1 
You will be presented with a series of reference and test stimuli for durations of 2 
seconds  each  with  a  1  second  interval  between  them. The reference and  the test 
stimuli will be presented at the seat. 
  Rate the test stimuli relative to reference stimuli (assumed as 100) presented to you 
immediately after each exposure. 
Test 2 
Similar to Test 1, the reference stimulus will be presented at the seat but the test 
stimulus will be presented at your right hand. 
  With  your  hand  gripping  comfortably  on  the  handle-bar,  rate  the  test  stimulus 
relative to the reference stimulus (assumed as 100) presented to you after each 
exposure. 
Test 3 
You will be presented with series of 2-second test stimuli at the seat 
  Indicate to the experimenter the part of your body that feels most discomfort after 
each exposure based on the body map in front of you. 
Break for five minutes 
After the break, Test 1, 2 and 3 will be repeated for different backrest condition (Note: 
This will only be conducted on your second and final day). 257 
 
 
Poster 1 
[Placed on the instruction board of the test rig] 
Test 1 and Test 2 
 
 
 
Rate the discomfort of the second stimulus relative to the first stimulus 
(Assume the discomfort of the first stimulus is 100) 
 
Poster 2 
[Placed on the instruction board of the test rig] 
 
   
100  ? 
For Test 3 
 
 
 
 
BODY MAP 
 
1 = head 
2 = neck 
3 = shoulders 
4 = upper back 
5 = lower back 
6 = buttocks 
7 = thighs 
8 = lower legs 
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C.4 Instructions for subjects Experiment 4 (Chapter 7) 
INSTRUCTIONS FOR SUBJECTS 
Thank you for participating in this research project. 
The experiment has been approved by the University Human Experimentation Safety and 
Ethics  Committee.  There  are  equivalent  comfort  contours  (Test  1),  relative  discomfort 
(Test 2), and location of discomfort (Test 3) within FIVE different backrest conditions (i.e. 
sitting with no backrest and with backrest at four different inclinations) to be conducted in 
THREE  different  days.  In  your  first  day,  one  backrest  condition  is  to  be  completed, 
followed by two backrest conditions in your second day and the remaining two backrest 
conditions in your final day. 
 
Please read carefully and follow the instructions below. 
 
Before the experiment (on your first day) 
  Complete the health questionnaires. 
  Your standing height, sitting height, shoulder height, buttock-to-popliteal length, knee 
height, shoulder breadth, hip breadth and weight will be measured (or taken during your 
last session). 
  You will undergo short training to familiarise with the test. 
To begin the experiment 
  Sit comfortably on the seat-pan as guided by the experimenter. 
  With your hand holding the handle-pole, lean against the headrest and backrest as 
guided by the experimenter. 
  Put on the headphones and blindfold (or close your eyes). 
  Hold the emergency stop button (to be used to stop the vibration if you are concerned). 
  Lay your hands on your laps/stomach and rest your feet on the footrest (or your legs on 
the support for lying posture). 
  You will undergo a few trials before the actual test commences (for first timer). 
During the experiment 
Test 1 
You will be presented with a series of reference and test stimuli for durations of 5 seconds 
each with a 2 second interval between them. 
  Rate the DISCOMFORT caused by the test stimuli relative to reference stimuli (which 
assumed as 100) presented to you immediately after each pair of exposure. 
Test 2 
You will start by sitting in reference condition (i.e. sitting upright with no backrest) and 
change alternately with the ‘test’ sitting condition (i.e. sitting condition as in Test 1). The 5-
second reference stimulus will be presented when you are in reference condition followed 
by 5-second test stimulus after you have completely positioned yourself into sitting in the 
‘test’ condition. The procedure will be repeated 7 times for 7 different test stimuli. 
  Rate the DISCOMFORT caused by the test stimuli in your ‘test’ sitting condition relative 
to reference stimuli in the reference condition (which assumed as 100) presented to you 
after each pair of exposure. 
Test 3 
You will resume sitting condition as in Test 1. A series of 5-second test stimuli will be 
presented to you. 
  Indicate to the experimenter the part of your body that feels the MOST DISCOMFORT 
after each presentation of stimulus based on the body map. 
Break for five minutes 
After the break, Test 1, 2 and 3 will be repeated for different backrest condition (Note: This 
will only be conducted on your second and final day). 259 
 
Poster 1 
[Placed on the instruction board in front of the test rig] 
Test 1 and Test 2 
 
 
 
Rate the DISCOMFORT of the second stimulus relative to the first stimulus 
(Assume the discomfort of the first stimulus is 100) 
 
Poster 2 
[Placed on the instruction board in front of the test rig] 
 
   
100  ? 
For Test 3 
 
 
 
 
BODY MAP 
 
1 = head 
2 = neck 
3 = shoulders 
4 = upper back 
5 = lower back 
6 = buttocks 
7 = thighs 
8 = lower legs 
9 = upper arms 
10 = lower arms 
11 = feet 
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C.5 Instructions for subjects Experiment 5 (Chapter 8) 
INSTRUCTIONS FOR SUBJECTS 
Thank you for participating in this research project. 
The  experiment  has  been  approved  by  the  University  Human  Experimentation  Safety  and 
Ethics Committee. There are four sessions to be conducted in two different days (2 sessions 
per day). The sessions correspond to four different seating conditions to be used (i.e. rigid seat 
and compliance seat with three different cushion thickness). In each session, four test to be 
conducted:  Test  1:  equivalent  comfort,  Test  2:  relative  discomfort,  Test  3:  location  of 
discomfort, and Test 4: objective testing. 
 
Please read carefully and follow the instructions below. 
 
Before the experiment (on your first day) 
The  experiment  has  been  approved  by  the  University  Human  Experimentation  Safety  and 
Ethics Committee. There are four sessions to be conducted in two different days (2 sessions 
per day). The sessions correspond to four different seating conditions to be used (i.e. rigid seat 
and compliance seat with three different cushion thickness). In each session, four test to be 
conducted:  Test  1:  equivalent  comfort,  Test  2:  relative  discomfort,  Test  3:  location  of 
discomfort, and Test 4: objective testing. 
To begin the experiment 
  Sit comfortably on the seat-pan as guided by the experimenter. 
  With  your  hand  holding  the  handle-pole,  lean  against  the  backrest  as  guided  by  the 
experimenter. 
  Put on the headphones and blindfold (or close your eyes). 
  Hold the emergency stop button (to be used to stop the vibration if you are concerned). 
  Lay your hands on your laps and rest your feet on the footrest. 
  You will undergo a few trials before the actual test commences. 
During the experiment 
Test 1 
You will be presented with a series of reference and test stimuli for durations of 5 seconds each 
with a 2 second interval between them. 
  Rate  the  DISCOMFORT  caused  by  the  test  stimuli  relative  to  reference  stimuli  (which 
assumed as 100) presented to you immediately after each pair of exposure. 
Test 2 
You  will  start  by  sitting  in  reference  condition  (i.e.  sitting  upright  with  no  contact  with  the 
backrest) and change alternately with the ‘test’ sitting condition (i.e. sitting condition as in Test 
1). The 5-second reference stimulus will be presented when  you are in reference condition 
followed by 5-second test stimulus after you have completely positioned yourself into sitting in 
the ‘test’ condition. The procedure will be repeated 4 different test stimuli. 
  Rate the DISCOMFORT caused by the test stimuli in your ‘test’ sitting condition relative to 
reference stimuli in the reference condition (which assumed as 100) presented to you after 
each pair of exposure. 
Test 3 
You will resume sitting condition as in Test 1. A series of 5-second test stimuli will be presented 
to you. 
  Indicate to the experimenter the part of your body that feels the MOST DISCOMFORT after 
each presentation of stimulus based on the body map. 
Test 4 
You will start by sitting as in ‘reference’ condition in Test 2 (no backrest contact). Four 60-
second stimuli will be presented to you with short interval between them. Upon completion, you 
will be required to sit as in ‘test’ condition in Test 2 (with backrest contact) and be presented 
again with four 60-second stimuli. 
  Maintain your posture during the exposure and no judgement from you is required. 
Break for five minutes 
After the break, Test 1, 2, 3 and 4 will be repeated for different seating condition. 261 
 
Poster 1 
[Placed on the instruction board in front of the test rig] 
Test 1 and Test 2 
 
 
 
Rate the DISCOMFORT of the second stimulus relative to the first stimulus 
(Assume the discomfort of the first stimulus is 100) 
 
Poster 2 
[Placed on the instruction board in front of the test rig] 
 
   
100  ? 
For Test 3 
 
 
 
 
BODY MAP 
 
1 = head 
2 = neck 
3 = shoulders 
4 = upper back 
5 = lower back 
6 = buttocks 
7 = thighs 
8 = lower legs 
9 = upper arms 
10 = lower arms 
11 = feet 
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APPENDIX D  Training on Magnitude Estimation 
Magnitude estimation training 
A set of short training on apparent length used in each experiment to familiarise the 
subjects with magnitude estimation method. 
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SHORT TRAINING ON 
MAGNITUDE ESTIMATION 
Name:    ………….……………………...… 
Date:     …………………………………… 
 
This exercise is aimed to familiarise you with Magnitude Estimation Method employed in this 
experiment.  In  comfort  contour  and  relative  discomfort  test,  you  will  be  requested  to  rate 
discomfort caused by each ‘test stimulus’ relative to discomfort caused by ‘reference stimulus’, 
which is assumed as 100. If you feel the discomfort caused by the ‘test stimulus’ is twice the 
discomfort of the ‘reference stimulus’, it should be rated as 200, or if you think it less by half 
then should be rated as 50, and so on. 
 
In a similar manner, rate the apparent length of the ‘test line’ relative to the apparent length 
of the ‘reference line’, which assumed as 100. The first ‘test line’ is done for you as an example. 
                         
Assume the line below as a reference which, the apparent length is 100:           
                         
  ‘Reference line’                         
                            100 
                         
Rate the following ‘test lines' according to their apparent length relative to the ‘reference line’ 
above: 
       
  ‘Test line’                Rating 
                         
                                  75 
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APPENDIX E  Raw data 
 
Raw data 
Medians and interquartile ranges of the raw data (i.e. discomfort ratings) obtained with 
magnitude estimation method in each experiment.  
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E.1 Raw data: Experiment 1 (Chapter 4) 
Table E.1.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  x-axis  vibration  of  the 
inclined backrests in Experiment 1. (1/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  1  1  5  25  0  1  6  1  3  5  1  3  5 
2.5  2  5  8  13  1  5  10  1  1  5  2  5  6 
2.5  3  5  10  20  4  10  20  4  8  21  4  5  20 
2.5  4  18  30  43  10  23  30  5  10  26  9  20  26 
2.5  5  30  45  63  10  20  35  18  28  43  21  30  50 
2.5  6  55  78  90  20  40  53  28  50  73  43  50  83 
2.5  7  50  85  110  40  50  80  38  55  80  58  78  103 
2.5  8  90  110  176  50  83  110  50  78  108  79  95  150 
2.5  9  115  135  150  103  123  153  69  115  158  88  115  180 
3.15  1  4  5  13  0  3  10  1  2  5  1  5  6 
3.15  2  10  15  20  1  10  13  3  5  20  4  10  16 
3.15  3  20  35  50  9  15  26  5  8  21  5  13  20 
3.15  4  18  35  53  9  30  33  18  30  50  20  30  43 
3.15  5  29  55  80  24  45  64  24  45  63  30  45  50 
3.15  6  65  80  100  38  68  80  38  55  95  48  78  101 
3.15  7  103  128  150  68  90  135  79  100  143  74  110  133 
3.15  8  128  145  176  118  138  150  79  125  150  105  123  150 
3.15  9  179  185  235  150  155  181  130  140  170  115  145  173 
4  1  9  15  26  1  5  10  1  5  10  1  5  6 
4  2  20  45  63  9  13  21  5  18  30  5  8  18 
4  3  30  45  71  14  25  45  18  33  43  20  30  50 
4  4  69  80  110  48  70  85  24  40  70  45  55  71 
4  5  69  118  143  71  80  103  40  78  98  50  70  110 
4  6  98  150  153  98  105  126  38  65  120  98  110  126 
4  7  150  165  185  124  135  150  103  120  163  108  133  150 
4  8  160  190  250  148  150  173  120  140  200  130  140  181 
4  9  200  200  263  168  183  200  164  180  200  150  165  200 
5  1  10  28  43  5  8  10  4  5  10  4  5  13 
5  2  28  40  50  10  15  26  5  15  21  5  10  21 
5  3  50  73  93  20  28  73  21  40  60  18  23  43 
5  4  98  100  115  30  60  76  25  45  73  50  60  63 
5  5  118  140  158  74  105  111  48  73  80  75  80  90 
5  6  129  145  153  100  120  129  66  100  133  94  110  111 
5  7  140  165  200  108  120  148  75  130  135  118  128  153 
5  8  180  203  248  135  150  180  123  150  183  128  150  165 
5  9  198  205  300  170  200  231  150  160  200  148  200  200 
6.3  1  9  20  35  1  10  10  1  4  5  4  5  10 
6.3  2  28  50  53  9  10  20  5  10  20  5  10  21 
6.3  3  45  85  100  18  33  50  20  30  50  18  28  50 
6.3  4  98  100  110  45  90  93  50  85  100  58  73  85 
6.3  5  104  120  130  90  100  110  88  100  110  88  100  103 
6.3  6  120  135  150  108  115  126  98  100  121  100  110  126 
6.3  7  140  150  176  125  140  150  130  150  158  120  138  156 
6.3  8  145  188  200  148  150  163  129  155  200  150  155  175 267 
 
Table E.1.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  x-axis  vibration  of  the 
inclined backrests in Experiment 1. (2/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
6.3  9  180  200  300  174  200  228  148  155  200  165  190  200 
8  1  9  10  21  5  8  13  1  5  10  4  5  13 
8  2  20  25  50  10  20  39  5  13  21  10  20  35 
8  3  50  73  90  28  30  48  25  45  63  24  30  43 
8  4  50  85  100  70  80  93  38  75  100  90  100  100 
8  5  100  100  100  100  100  100  80  100  100  100  100  100 
8  6  100  110  121  100  100  110  100  100  113  100  100  118 
8  7  118  125  155  120  125  150  124  130  148  120  128  150 
8  8  148  160  179  148  168  185  150  165  200  130  145  200 
8  9  158  168  200  150  175  200  160  185  200  160  178  200 
10  1  5  5  10  0  3  11  1  4  6  4  8  10 
10  2  10  10  20  4  15  25  9  10  30  10  23  40 
10  3  18  35  50  10  28  43  10  20  26  10  30  50 
10  4  38  55  76  38  55  76  30  70  93  65  83  100 
10  5  58  80  100  70  95  100  63  100  100  80  105  110 
10  6  100  100  103  100  100  110  100  115  120  100  100  123 
10  7  100  108  133  118  128  143  108  130  140  120  130  150 
10  8  120  130  156  110  135  150  130  150  163  123  145  158 
10  9  140  150  200  140  150  180  158  190  200  150  160  181 
12.5  1  0  0  2  0  5  6  1  1  5  1  4  10 
12.5  2  0  4  5  1  5  10  1  3  6  1  5  10 
12.5  3  5  10  26  3  10  11  4  8  13  4  5  23 
12.5  4  10  10  43  18  30  33  9  20  50  24  30  63 
12.5  5  40  50  76  18  55  76  24  40  53  24  50  90 
12.5  6  48  75  93  48  73  93  60  95  103  64  100  100 
12.5  7  88  100  114  94  100  110  78  100  110  98  105  121 
12.5  8  100  110  133  98  115  121  100  118  143  118  128  150 
12.5  9  118  125  150  130  145  150  140  145  173  130  140  158 
16  1  0  0  5  0  1  5  1  1  4  1  5  6 
16  2  0  1  5  0  1  6  1  1  5  1  5  6 
16  3  0  2  5  0  3  11  1  3  6  4  5  13 
16  4  5  10  21  1  15  33  5  5  10  10  15  26 
16  5  18  25  43  9  10  26  10  25  53  18  40  53 
16  6  28  70  95  25  50  65  20  35  83  28  63  80 
16  7  58  90  113  38  55  85  35  83  93  58  75  95 
16  8  79  110  123  50  110  121  100  128  135  78  110  131 
16  9  108  125  143  118  130  150  124  130  150  98  125  150 
20  1  2  5  13  0  3  6  2  5  10  3  5  20 
20  2  5  20  28  4  10  10  5  10  20  5  10  23 
20  3  20  28  76  8  18  30  10  20  50  18  23  50 
20  4  30  73  90  24  40  55  24  30  53  48  50  71 
20  5  75  90  113  48  65  83  30  50  90  69  85  105 
20  6  48  105  121  74  105  120  63  80  135  90  128  143 
20  7  120  120  150  101  128  153  102  115  128  108  130  156 
20  8  138  145  200  118  125  158  130  145  164  130  145  180 
20  9  165  178  200  130  150  200  150  170  193  135  178  200 
25  1  0  8  28  0  5  6  5  5  10  3  5  13 
25  2  10  23  53  6  13  23  5  10  20  5  15  20 
25  3  21  35  58  20  28  64  18  28  35  20  28  35 268 
 
Table E.1.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  x-axis  vibration  of  the 
inclined backrests in Experiment 1. (3/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
25  6  110  125  133  88  120  135  68  85  128  88  110  130 
25  7  120  130  150  113  150  176  108  115  176  115  150  156 
25  8  140  175  200  140  188  228  138  150  180  110  145  200 
25  9  174  195  213  158  200  200  165  200  200  148  178  213 
 
Table E.1.2 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with cross-modality matching technique for each 8-Hz test stimulus of x-axis vibration 
of the inclined backrests in Experiment 1. 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  10  15  26  5  10  10  1  5  11  4  10  10 
8  2  18  23  50  10  20  33  9  10  21  10  23  30 
8  3  20  50  53  28  40  50  20  32  50  20  23  40 
8  4  48  65  100  40  50  60  32  45  64  38  50  55 
8  5  70  100  100  71  80  93  38  70  100  58  68  83 
8  6  100  100  110  80  100  100  80  100  100  80  95  100 
8  7  100  110  143  100  100  126  90  100  103  100  100  110 
8  8  129  140  163  100  125  143  114  120  130  108  123  135 
8  9  138  150  176  128  130  150  121  135  150  115  123  150 
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E.2 Raw data: Experiment 2 (Chapter 5) 
Table E.2.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  z-axis  vibration  of  the 
inclined backrests relative to vertical hand vibration in Experiment 2. (1/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  1  5  8  10  4  10  13  5  5  10  5  5  10 
2.5  2  9  15  26  10  15  26  10  15  25  5  10  25 
2.5  3  15  23  43  20  25  38  18  30  35  10  20  26 
2.5  4  38  50  66  24  40  76  25  45  55  23  40  53 
2.5  5  38  60  83  68  80  103  45  63  81  40  50  73 
2.5  6  48  88  110  73  93  128  50  95  120  48  50  93 
2.5  7  80  105  129  83  100  128  86  110  143  74  95  131 
2.5  8  100  118  153  110  123  156  108  125  163  110  123  150 
2.5  9  119  155  220  118  150  200  136  140  200  124  160  185 
3.15  1  5  10  10  5  10  10  5  10  13  5  5  10 
3.15  2  10  15  25  10  18  40  10  20  23  9  10  16 
3.15  3  20  35  55  24  38  60  18  45  63  20  23  33 
3.15  4  20  45  76  29  55  71  30  45  83  45  50  85 
3.15  5  43  73  93  50  70  90  69  90  113  58  80  100 
3.15  6  34  63  105  78  100  120  100  120  131  90  105  129 
3.15  7  69  105  119  98  123  150  86  115  164  95  123  155 
3.15  8  100  133  176  114  138  203  110  133  200  128  150  181 
3.15  9  118  150  200  128  155  200  150  175  223  144  183  213 
4  1  5  10  20  9  10  21  5  10  20  9  15  21 
4  2  10  20  43  10  23  33  10  25  36  20  23  43 
4  3  18  35  50  24  40  53  29  45  58  38  48  80 
4  4  24  40  55  25  58  80  40  65  100  50  73  95 
4  5  28  55  75  71  85  100  50  88  123  65  90  100 
4  6  63  83  114  88  123  150  88  100  121  95  113  125 
4  7  98  108  125  100  110  150  118  138  173  115  138  153 
4  8  119  155  200  120  150  168  124  158  200  143  150  200 
4  9  118  150  200  128  155  185  158  190  250  165  185  200 
5  1  5  10  13  5  8  20  9  10  20  10  20  21 
5  2  10  20  26  10  20  36  24  30  45  20  23  41 
5  3  19  28  53  29  35  50  44  55  73  20  35  54 
5  4  45  55  76  48  55  85  28  60  83  48  83  103 
5  5  45  85  100  75  85  104  75  85  110  78  95  114 
5  6  88  118  135  98  105  129  100  110  120  96  110  128 
5  7  94  118  143  100  120  150  119  123  136  110  128  153 
5  8  114  145  200  135  150  160  125  163  200  121  173  205 
5  9  146  150  200  158  200  200  164  190  243  165  200  244 
6.3  1  5  10  10  9  10  20  5  10  20  5  5  20 
6.3  2  10  10  26  10  23  33  10  28  40  10  20  35 
6.3  3  10  25  58  18  50  63  29  40  65  20  28  40 
6.3  4  50  65  93  43  68  100  81  93  100  65  78  91 
6.3  5  85  95  103  88  100  100  80  100  103  80  100  100 
6.3  6  95  100  129  98  110  121  100  105  131  99  100  110 
6.3  7  100  115  129  100  120  153  118  135  163  100  105  141 
6.3  8  122  145  185  124  130  150  136  150  185  150  150  189 270 
 
Table E.2.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  z-axis  vibration  of  the 
inclined backrests relative to vertical hand vibration in Experiment 2. (2/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
6.3  9  148  178  231  130  155  195  158  180  218  170  200  213 
8  1  5  10  20  10  20  36  10  20  26  10  15  21 
8  2  10  20  33  35  50  56  24  40  50  20  28  50 
8  3  29  45  58  25  50  73  50  50  73  24  50  75 
8  4  69  95  100  79  95  100  90  100  100  80  88  100 
8  5  90  100  100  100  100  100  99  100  100  100  100  100 
8  6  98  100  100  100  110  135  100  120  125  100  103  123 
8  7  108  120  133  115  130  150  134  165  200  116  120  161 
8  8  120  140  200  150  185  229  148  185  200  148  180  200 
8  9  139  180  200  154  190  250  179  205  300  164  200  210 
10  1  10  20  25  10  13  29  10  10  20  9  10  25 
10  2  14  20  50  25  40  50  35  45  50  10  23  31 
10  3  24  50  80  38  48  56  50  73  93  40  40  55 
10  4  58  78  100  79  90  100  90  100  100  66  93  100 
10  5  86  100  100  88  100  101  100  105  120  100  100  120 
10  6  100  105  113  108  120  130  110  125  164  100  110  120 
10  7  110  120  146  120  145  178  118  130  155  114  123  143 
10  8  119  145  158  130  170  200  148  160  200  138  155  185 
10  9  169  185  250  169  193  250  169  200  200  150  180  200 
12.5  1  20  30  43  9  15  30  5  20  35  5  10  11 
12.5  2  39  50  50  21  50  73  20  48  76  10  30  50 
12.5  3  71  90  100  48  50  80  48  65  85  20  30  50 
12.5  4  58  75  100  95  100  110  80  95  113  40  58  103 
12.5  5  104  115  129  100  115  150  90  100  135  74  80  100 
12.5  6  119  125  143  100  130  150  119  145  150  88  105  126 
12.5  7  139  150  166  124  155  200  130  145  150  108  120  150 
12.5  8  159  190  223  158  175  225  138  165  231  134  145  156 
12.5  9  171  200  250  170  210  250  200  200  231  158  190  200 
16  1  19  20  43  20  23  50  20  33  50  5  8  20 
16  2  48  50  63  24  60  83  40  50  53  9  10  33 
16  3  49  78  100  50  65  110  45  68  85  10  23  43 
16  4  60  75  100  69  95  113  69  95  110  29  45  85 
16  5  90  118  143  100  110  125  95  113  143  50  90  110 
16  6  130  170  200  119  130  150  118  158  200  80  80  139 
16  7  144  175  200  145  150  180  144  160  180  100  125  150 
16  8  148  150  213  150  200  220  158  180  213  134  150  200 
16  9  158  250  250  174  200  231  179  200  228  145  190  229 
20  1  19  35  50  20  38  50  10  15  50  5  10  10 
20  2  34  50  64  29  45  50  18  50  81  10  20  39 
20  3  55  78  100  46  78  103  48  85  100  28  50  65 
20  4  48  75  100  90  105  121  50  90  120  50  70  85 
20  5  114  125  150  115  123  185  111  130  143  55  110  153 
20  6  118  150  185  138  150  200  110  115  163  88  110  185 
20  7  139  178  220  150  200  250  140  155  200  120  130  180 
20  8  173  210  250  174  235  253  171  200  228  150  185  205 
20  9  200  205  270  193  250  300  200  225  250  158  190  213 
25  1  20  50  75  29  50  75  10  20  39  5  10  21 
25  2  39  68  85  40  50  84  18  45  58  10  20  56 
25  3  50  75  104  70  90  110  50  65  88  20  25  50 271 
 
Table E.2.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  z-axis  vibration  of  the 
inclined backrests relative to vertical hand vibration in Experiment 2. (3/3) 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
25  4  79  110  143  90  118  153  79  95  120  63  80  111 
25  5  118  130  163  125  145  163  90  110  163  60  78  99 
25  6  124  155  193  150  178  228  140  140  200  79  100  176 
25  7  174  200  200  158  200  300  150  190  231  124  150  200 
25  8  190  225  263  200  225  285  198  200  250  149  200  225 
25  9  225  250  300  195  250  363  200  235  263  193  238  300 
 
 
Table F.2.2 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with cross-modality matching technique for each 8-Hz test stimulus of z-axis vibration 
of the inclined backrests relative to vertical hand vibration in Experiment 2. 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  5  20  25  9  10  25  5  10  33  10  18  25 
8  2  10  25  40  10  20  26  10  20  26  10  23  43 
8  3  20  45  53  10  30  50  20  35  55  19  25  51 
8  4  29  50  63  48  58  73  50  65  93  35  50  70 
8  5  58  80  100  68  73  96  50  78  85  50  73  76 
8  6  86  100  100  79  95  100  79  95  100  65  80  100 
8  7  100  110  124  100  100  103  100  110  135  99  100  110 
8  8  100  115  143  108  133  150  120  133  150  108  120  131 
8  9  124  145  163  120  150  196  148  170  213  125  150  150 
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E.3 Raw data: Experiment 3 (Chapter 6) 
Table E.3.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with magnitude estimation method for each test stimulus of vertical seat vibration with 
no backrest and four stationary inclined backrests in Experiment 3. (1/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  1  1  5  5  1  3  10  1  5  10  1  3  5  1  1  5 
2.5  2  1  4  10  1  3  10  4  5  10  1  5  10  1  1  5 
2.5  3  1  5  10  5  15  25  5  8  10  1  5  10  1  4  10 
2.5  4  10  15  21  9  23  40  5  10  21  5  13  25  5  10  20 
2.5  5  18  40  50  18  30  43  18  20  26  10  23  55  20  24  35 
2.5  6  20  28  43  46  55  83  20  30  53  20  40  56  20  30  40 
2.5  7  30  55  76  50  70  90  29  73  86  40  60  100  20  38  60 
2.5  8  48  65  90  60  83  113  30  60  75  50  85  103  30  58  90 
2.5  9  58  85  103  90  105  120  69  80  110  73  100  125  40  74  108 
3.15  1  1  5  10  1  1  5  4  5  10  1  3  5  1  1  3 
3.15  2  1  5  13  1  5  10  1  5  10  1  3  10  1  1  5 
3.15  3  5  5  13  5  10  20  1  8  13  1  8  10  1  1  8 
3.15  4  10  23  35  13  20  29  10  10  21  9  15  29  5  10  20 
3.15  5  18  28  43  20  30  53  9  23  33  16  28  36  2  10  40 
3.15  6  20  50  76  48  50  71  28  40  71  20  30  75  25  34  40 
3.15  7  40  60  76  60  78  93  48  70  80  48  55  75  10  40  65 
3.15  8  50  80  105  79  105  120  54  80  103  50  65  98  10  48  80 
3.15  9  85  115  126  98  120  125  74  110  121  70  95  121  55  78  95 
4  1  1  4  20  1  6  23  1  5  6  1  3  10  1  1  5 
4  2  5  10  20  9  15  30  5  10  10  1  5  10  1  4  8 
4  3  10  20  26  10  10  50  9  10  15  5  15  26  1  4  10 
4  4  20  35  53  34  60  80  24  30  50  9  23  50  1  18  20 
4  5  25  45  63  40  60  83  38  50  63  18  50  71  20  48  50 
4  6  58  65  79  85  110  113  38  50  80  38  60  75  10  24  50 
4  7  80  100  110  78  110  126  69  85  95  58  80  100  30  68  80 
4  8  75  120  143  120  150  151  74  100  120  108  118  120  40  93  110 
4  9  124  150  178  124  145  178  114  140  165  124  140  153  80  124  130 
5  1  4  10  14  9  10  26  8  10  14  1  2  6  1  1  5 
5  2  10  28  30  14  28  43  9  10  13  4  5  10  1  1  5 
5  3  19  20  34  28  35  50  14  20  25  5  20  40  1  5  8 
5  4  38  50  71  50  70  83  28  45  70  20  28  40  5  18  20 
5  5  48  55  81  58  78  95  38  55  81  38  55  65  30  38  50 
5  6  74  90  113  88  115  121  65  90  100  68  83  103  10  50  75 
5  7  110  120  143  118  128  143  70  105  120  88  115  129  30  68  75 
5  8  129  145  200  128  145  153  118  145  150  109  120  131  80  105  110 
5  9  124  140  170  150  160  213  130  155  200  110  150  163  115  120  125 273 
 
Table E.3.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with magnitude estimation method for each test stimulus of vertical seat vibration with 
no backrest and four stationary inclined backrests in Experiment 3. (2/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
6.3  1  14  20  33  24  30  53  10  20  26  5  15  26  1  10  10 
6.3  2  20  30  80  29  40  43  38  50  71  10  20  35  5  10  20 
6.3  3  38  55  75  48  68  86  48  78  83  20  30  53  5  20  30 
6.3  4  50  78  93  85  100  100  85  90  100  48  70  79  50  64  70 
6.3  5  98  110  120  95  100  114  80  100  110  70  80  103  40  80  85 
6.3  6  111  120  135  114  123  130  118  123  143  86  110  120  80  100  115 
6.3  7  110  150  173  129  140  173  128  140  170  115  140  150  110  129  130 
6.3  8  150  165  200  140  170  200  158  178  213  143  168  213  90  130  138 
6.3  9  150  175  213  168  175  213  168  200  200  158  200  228  140  150  175 
8  1  10  18  26  18  20  43  10  18  35  5  8  23  5  5  15 
8  2  20  38  50  20  40  55  20  30  50  18  20  33  10  18  20 
8  3  58  73  90  48  60  80  48  65  76  30  40  58  5  35  50 
8  4  98  100  100  80  85  100  85  90  100  58  73  83  10  50  78 
8  5  88  90  100  100  100  105  88  100  100  100  100  110  80  88  100 
8  6  100  105  123  100  120  120  100  110  125  108  120  125  75  100  110 
8  7  100  123  143  128  150  163  140  150  156  120  120  150  60  110  125 
8  8  148  170  200  140  150  200  130  150  163  140  155  165  125  148  150 
8  9  173  195  200  155  200  200  150  185  205  150  185  213  125  150  165 
10  1  10  20  30  13  20  25  10  20  20  10  18  50  5  9  10 
10  2  19  28  43  10  30  50  20  30  50  30  45  50  10  20  35 
10  3  30  45  83  38  50  53  48  70  81  30  45  56  20  50  78 
10  4  38  70  93  48  73  80  53  83  90  48  80  100  20  58  90 
10  5  79  95  103  78  95  100  85  100  110  86  100  120  90  100  105 
10  6  100  110  123  100  110  120  100  120  130  100  110  128  80  108  120 
10  7  110  123  153  120  133  150  120  128  150  124  133  150  120  138  140 
10  8  129  145  165  150  165  183  150  190  200  150  150  200  120  150  185 
10  9  148  178  213  150  170  193  160  200  205  175  200  203  120  178  200 
12.5  1  18  23  31  25  30  43  20  30  43  25  40  53  5  14  35 
12.5  2  20  45  70  28  40  53  20  40  50  28  55  76  10  43  73 
12.5  3  35  45  65  61  78  90  38  68  103  30  75  105  30  75  85 
12.5  4  65  80  83  58  73  80  69  100  111  60  85  93  100  100  100 
12.5  5  69  100  121  100  115  125  103  123  135  95  115  125  20  120  128 
12.5  6  100  125  143  110  128  143  119  135  143  110  123  145  110  140  150 
12.5  7  124  150  163  140  150  165  130  145  171  145  150  165  140  150  180 
12.5  8  129  165  200  175  190  218  158  173  200  158  200  205  110  180  200 
12.5  9  150  200  263  174  200  300  193  200  300  178  200  240  160  200  235 
16  1  10  20  25  10  40  43  18  23  30  10  30  50  5  9  18 
16  2  29  40  43  20  28  50  10  35  53  28  40  64  10  33  55 
16  3  40  50  63  30  50  80  36  60  79  38  60  80  20  55  80 
16  4  45  65  93  48  73  95  50  78  110  38  60  91  60  88  100 274 
 
Table E.3.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with magnitude estimation method for each test stimulus of vertical seat vibration with 
no backrest and four stationary inclined backrests in Experiment 3. (3/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
16  5  68  90  120  79  95  110  86  107  113  90  105  120  60  90  110 
16  6  110  133  145  108  120  140  100  130  150  110  123  140  60  128  145 
16  7  120  150  170  139  150  173  145  155  183  124  130  165  110  148  165 
16  8  150  185  200  150  170  210  160  195  205  148  170  185  150  178  200 
16  9  174  200  235  169  200  263  158  190  213  178  190  228  160  178  200 
20  1  19  20  29  18  23  35  10  38  55  14  23  50  5  25  40 
20  2  24  30  43  24  40  60  18  50  75  18  30  70  5  48  73 
20  3  35  50  63  58  70  70  28  50  79  45  65  80  20  40  75 
20  4  58  78  88  58  70  103  55  100  121  48  65  121  20  48  68 
20  5  71  100  128  84  115  125  58  110  121  84  120  129  30  70  105 
20  6  110  135  150  105  125  150  98  135  150  98  145  153  90  118  143 
20  7  130  155  200  120  160  185  129  160  200  120  140  153  100  146  155 
20  8  140  200  213  169  195  205  150  180  200  140  170  200  130  140  200 
20  9  175  210  255  188  200  250  195  200  300  180  200  203  150  180  200 
25  1  18  25  43  20  55  70  18  40  50  19  25  53  5  20  45 
25  2  28  50  64  30  60  71  24  40  79  20  50  73  20  34  60 
25  3  36  50  76  38  75  83  45  65  84  40  68  83  5  40  80 
25  4  38  70  113  69  90  125  58  75  120  40  90  103  20  58  90 
25  5  79  100  128  88  110  126  60  120  126  80  120  121  30  90  115 
25  6  110  128  148  118  120  150  105  125  143  105  123  140  50  120  135 
25  7  130  150  185  138  165  200  126  150  168  118  140  163  115  148  155 
25  8  146  180  250  150  190  250  158  190  203  150  178  190  120  165  200 
25  9  180  250  263  200  200  325  193  225  263  194  200  300  170  200  200 
Table E.3.2 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with cross-modality matching technique for each 8-Hz test stimulus of vertical seat 
vibration with no backrest and with four stationary inclined backrests relative to vertical 
hand vibration in Experiment 3. 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  10  28  43  20  28  43  9  20  31  9  18  31  10  20  30 
8  2  29  45  63  20  40  50  10  30  50  20  28  45  21  40  50 
8  3  20  45  70  48  50  76  38  50  73  29  50  53  30  35  50 
8  4  58  75  83  69  80  83  48  80  90  25  60  83  25  45  63 
8  5  88  100  103  95  100  105  80  90  100  50  80  90  53  70  80 
8  6  100  123  143  100  120  120  100  113  123  74  95  105  75  85  93 
8  7  124  140  150  124  150  155  120  128  143  95  110  140  95  100  103 
8  8  145  165  200  148  185  200  130  145  165  111  138  183  108  123  130 
8  9  174  200  250  169  200  228  158  175  200  119  135  200  120  150  160 275 
 
E.4 Raw data: Experiment 4 (Chapter 7) 
Table E.4.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  whole-body  vertical 
vibration  with  no  backrest  and  four  inclined  backrests  in  comfort  contour  test  in 
Experiment 4. (1/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  1  35  55  70  24  45  63  30  30  46  28  40  53  28  60  80 
1  2  58  65  83  50  65  80  40  50  73  38  50  68  60  80  103 
1  3  60  80  123  70  80  110  60  70  80  40  65  88  68  95  120 
1  4  68  90  113  70  100  133  60  80  113  61  105  114  95  115  150 
1  5  108  125  153  88  135  168  90  150  158  88  105  120  118  130  156 
1  6  130  155  185  138  155  185  113  155  205  88  120  160  145  173  200 
1  7  150  190  200  148  185  200  148  165  213  148  150  185  150  180  225 
1.25  1  33  45  70  28  35  63  20  43  53  30  35  50  30  50  53 
1.25  2  48  60  83  48  65  85  30  50  73  28  55  80  45  70  80 
1.25  3  75  85  90  68  80  120  59  65  73  75  85  103  70  90  113 
1.25  4  88  115  135  108  120  130  78  90  123  84  95  120  95  113  121 
1.25  5  120  120  143  115  120  145  90  118  135  98  120  135  110  130  150 
1.25  6  135  150  173  120  155  165  109  150  165  110  135  143  120  155  181 
1.25  7  150  180  200  153  180  200  133  155  173  128  155  176  158  180  213 
1.6  1  38  50  63  38  55  70  20  35  73  30  40  60  40  50  65 
1.6  2  50  80  80  53  70  83  40  55  73  45  58  71  45  70  73 
1.6  3  68  70  93  58  75  90  58  80  83  58  80  95  68  90  110 
1.6  4  88  110  125  100  120  140  98  110  120  88  100  121  90  118  133 
1.6  5  98  130  160  98  133  160  105  120  140  98  115  150  98  115  160 
1.6  6  145  160  183  130  145  185  113  125  156  120  125  168  145  160  185 
1.6  7  148  180  210  158  180  205  128  160  213  148  155  200  150  180  263 
2  1  40  65  83  30  53  71  30  55  65  50  50  63  50  70  86 
2  2  58  80  90  50  80  83  50  60  78  50  70  90  68  95  115 
2  3  78  100  120  78  100  120  70  80  93  80  90  100  80  100  113 
2  4  90  120  123  80  100  133  76  110  110  78  105  128  88  110  136 
2  5  118  135  145  128  150  158  108  115  133  98  120  125  118  128  143 
2  6  120  165  185  128  150  180  128  145  150  118  125  155  128  153  205 
2  7  140  190  200  150  165  196  148  155  193  158  160  185  168  185  205 
2.5  1  40  55  60  35  50  55  18  40  51  30  43  53  30  40  60 
2.5  2  58  60  70  48  60  73  30  50  73  48  55  60  40  55  73 
2.5  3  70  90  115  50  85  103  50  65  90  50  60  93  68  100  100 
2.5  4  98  120  120  90  105  130  68  90  100  60  100  113  85  100  113 
2.5  5  110  130  153  98  115  133  98  115  120  98  110  128  88  110  130 
2.5  6  124  140  173  110  135  158  110  125  150  110  115  150  118  145  185 
2.5  7  148  150  163  138  155  180  128  150  173  110  123  150  140  165  200 276 
 
Table E.4.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  whole-body  vertical 
vibration  with  no  backrest  and  four  inclined  backrests  in  comfort  contour  test  in 
Experiment 4. (2/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
3.15  1  28  45  63  20  30  50  19  25  50  24  40  50  30  40  54 
3.15  2  48  75  83  38  50  55  30  40  50  30  50  65  40  45  63 
3.15  3  60  85  110  48  60  85  48  60  85  30  60  76  58  70  76 
3.15  4  80  120  130  65  90  115  70  93  103  70  85  100  78  100  103 
3.15  5  110  120  123  75  105  133  68  95  113  100  105  113  88  105  123 
3.15  6  130  145  163  110  125  133  105  110  123  98  110  130  110  110  120 
3.15  7  148  165  193  138  140  153  113  130  153  110  130  143  124  155  163 
4  1  28  55  73  20  30  40  33  40  50  20  33  50  18  25  35 
4  2  40  75  83  40  50  50  20  45  60  35  50  60  20  40  60 
4  3  68  80  105  55  80  93  48  63  90  38  55  63  30  50  53 
4  4  70  110  120  70  80  90  68  75  90  60  78  80  50  65  81 
4  5  110  120  150  108  115  131  88  100  105  73  90  110  88  105  110 
4  6  128  165  185  105  120  183  100  120  130  109  125  143  88  100  123 
4  7  130  165  200  140  160  180  116  135  154  120  120  143  120  135  143 
5  1  38  45  53  38  55  60  20  40  50  20  35  50  20  40  50 
5  2  50  75  93  50  65  80  28  45  73  29  45  50  28  40  50 
5  3  60  85  100  68  85  110  48  70  93  48  60  65  30  55  80 
5  4  88  105  110  70  95  113  60  90  109  63  78  90  65  78  83 
5  5  110  120  153  100  115  133  68  85  123  70  85  103  70  90  100 
5  6  120  130  150  128  145  163  88  105  130  90  103  120  98  105  120 
5  7  165  175  185  140  150  170  120  130  170  108  135  153  110  120  140 
6.3  1  58  70  83  50  65  80  40  68  80  24  30  40  38  45  60 
6.3  2  50  85  93  80  90  100  65  85  90  48  60  63  50  73  80 
6.3  3  80  95  113  78  85  110  78  90  113  50  68  93  58  90  100 
6.3  4  108  110  120  100  105  130  98  100  101  75  95  103  90  100  110 
6.3  5  108  120  133  118  135  140  100  100  130  80  105  123  100  115  125 
6.3  6  128  140  185  130  143  165  120  125  148  108  120  130  110  120  145 
6.3  7  150  165  193  155  160  200  130  155  178  110  150  170  130  145  155 
8  1  58  75  90  50  70  83  75  80  90  60  73  83  61  75  83 
8  2  90  100  100  98  100  100  80  98  100  80  100  100  78  90  100 
8  3  100  100  100  100  100  100  100  100  101  100  100  101  100  100  100 
8  4  100  100  120  100  100  115  100  100  110  100  100  103  100  100  120 
8  5  100  100  120  100  105  115  110  120  120  100  120  123  100  100  123 
8  6  120  135  143  120  130  135  120  125  180  118  130  143  110  125  145 
8  7  148  150  180  138  145  165  148  158  200  140  140  180  150  155  185 
10  1  50  75  93  68  80  90  80  90  100  50  85  90  75  90  100 
10  2  68  80  100  74  90  100  90  100  100  80  100  100  88  100  100 
10  3  78  100  110  90  100  113  100  103  113  90  100  110  90  100  113 
10  4  98  100  103  100  108  118  100  118  123  100  110  123  100  105  120 277 
 
Table E.4.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with  magnitude  estimation  method  for  each  test  stimulus  of  whole-body  vertical 
vibration  with  no  backrest  and  four  inclined  backrests  in  comfort  contour  test  in 
Experiment 4. (3/3) 
Freq  Mag    nb      0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
10  5  108  110  120  104  120  135  120  125  145  114  135  143  110  130  150 
10  6  118  130  165  118  140  153  130  145  160  130  140  150  129  150  163 
10  7  138  140  155  150  165  200  148  155  178  158  175  200  158  173  200 
12.5  1  48  55  68  61  75  80  68  80  80  58  83  93  58  85  96 
12.5  2  65  80  85  70  80  93  98  100  110  78  90  100  88  100  110 
12.5  3  70  100  108  98  100  111  80  100  106  80  100  113  100  120  140 
12.5  4  90  115  130  95  118  140  120  120  133  110  120  135  110  120  133 
12.5  5  118  120  123  120  140  150  118  135  140  120  130  135  120  145  150 
12.5  6  118  140  180  126  140  170  138  150  178  140  150  183  148  170  190 
12.5  7  138  170  193  150  150  180  158  180  205  160  175  200  160  195  200 
16  1  38  50  70  40  60  90  68  85  105  70  80  90  58  85  98 
16  2  75  80  98  60  80  100  85  95  113  90  98  118  60  93  108 
16  3  80  80  104  68  100  115  93  115  133  98  120  140  96  110  150 
16  4  88  95  110  80  113  123  110  130  153  118  125  150  110  135  155 
16  5  98  110  143  118  120  138  124  140  148  120  150  180  138  150  165 
16  6  120  135  173  129  140  150  150  155  190  160  180  200  155  190  228 
16  7  148  170  200  138  175  200  165  190  200  190  200  233  173  200  200 
20  1  30  50  73  35  60  83  60  80  103  80  88  123  58  95  120 
20  2  45  65  85  30  65  83  70  90  115  83  100  120  75  95  113 
20  3  65  80  105  50  88  105  108  120  143  120  140  150  88  120  153 
20  4  80  105  120  65  110  123  104  130  140  150  170  185  130  160  180 
20  5  80  100  125  98  105  150  148  150  175  160  200  200  150  195  205 
20  6  120  140  165  120  133  140  180  185  203  185  200  203  180  200  205 
20  7  120  145  185  150  180  200  195  200  228  210  245  263  198  200  263 
Table E.4.2 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
for each 8-Hz test stimulus of whole-body vertical vibration with four inclined backrests 
in relative discomfort test in Experiment 4. 
Freq.  Mag    0      30      60      90   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  50  80  90  76  90  100  78  85  100  58  80  90 
8  2  80  90  90  90  95  110  90  100  100  90  100  100 
8  3  90  100  100  100  100  103  100  100  110  90  100  110 
8  4  100  110  120  100  115  140  110  110  120  108  115  120 
8  5  100  120  123  120  135  150  108  125  135  110  130  135 
8  6  118  125  143  140  150  150  128  135  150  128  145  150 
8  7  138  150  153  130  150  160  138  150  165  128  140  158 
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E.5 Raw data: Experiment 5 (Chapter 8) 
Table E.5.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with magnitude estimation method for each test stimulus with four different seats in 
comfort contour test in Experiment 5. (1/2) 
Freq.  Mag    C01      C02      C03      C04   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  1  5  10  20  5  9  20  5  10  21  9  15  30 
1  2  25  38  63  10  30  33  10  25  50  10  30  36 
1  3  78  80  98  70  96  110  48  78  110  40  85  103 
1  4  110  145  185  80  128  163  118  145  200  110  135  156 
1.25  1  14  20  30  1  10  20  9  15  26  5  10  21 
1.25  2  20  40  71  15  20  35  20  45  55  10  20  35 
1.25  3  50  65  74  40  75  93  60  73  95  48  65  100 
1.25  4  145  150  193  90  120  140  120  125  176  120  145  181 
1.6  1  10  20  33  5  18  20  10  23  30  9  10  20 
1.6  2  48  58  63  20  30  50  18  30  53  10  23  33 
1.6  3  70  115  130  60  70  100  55  80  103  45  55  93 
1.6  4  150  160  175  110  130  150  118  145  173  105  110  128 
2  1  10  23  33  5  9  23  10  23  36  9  20  21 
2  2  38  60  66  20  38  45  30  55  71  20  35  50 
2  3  80  90  113  30  68  95  48  80  100  50  60  85 
2  4  175  180  200  110  130  150  143  160  178  118  125  150 
2.5  1  18  35  80  5  24  30  10  20  43  10  13  20 
2.5  2  48  50  90  20  48  73  40  50  76  10  30  45 
2.5  3  103  130  153  60  88  115  50  90  114  69  100  110 
2.5  4  200  220  250  130  150  165  145  168  200  118  125  150 
3.15  1  30  50  60  10  35  50  18  28  60  10  20  30 
3.15  2  88  120  133  50  70  95  38  50  76  20  25  80 
3.15  3  145  150  173  110  124  145  115  123  140  79  98  120 
3.15  4  200  230  250  150  193  240  158  180  240  120  130  156 
4  1  78  95  105  40  60  90  45  58  80  10  20  35 
4  2  100  130  133  60  115  123  80  105  113  29  35  58 
4  3  145  150  193  120  145  150  145  150  200  70  105  120 
4  4  215  220  248  150  179  225  179  200  285  143  165  183 
5  1  70  70  103  50  68  93  68  78  93  18  45  53 
5  2  110  128  140  110  120  120  90  120  134  40  50  80 
5  3  135  155  180  120  138  145  143  150  178  100  120  129 
5  4  180  200  221  150  178  215  195  225  258  168  200  200 
6.3  1  58  80  93  40  68  78  48  80  83  28  55  83 
6.3  2  100  115  120  100  100  115  100  100  123  80  90  100 
6.3  3  120  145  190  100  138  150  128  165  180  110  123  153 
6.3  4  200  210  231  120  150  200  150  175  258  198  200  263 279 
 
Table E.5.1 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
with magnitude estimation method for each test stimulus with four different seats in 
comfort contour test in Experiment 5. (2/2) 
Freq.  Mag    C01      C02      C03      C04   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  70  85  90  40  58  85  58  80  90  68  73  80 
8  2  98  100  105  90  100  100  100  100  100  100  100  113 
8  3  120  123  133  80  108  120  118  133  150  120  125  135 
8  4  140  155  200  110  145  150  160  220  263  200  200  225 
10  1  30  45  70  10  48  68  24  50  70  50  60  84 
10  2  63  83  103  40  58  83  79  100  100  100  100  113 
10  3  108  115  135  80  108  120  110  125  140  130  150  163 
10  4  120  125  143  40  148  163  168  180  213  180  200  243 
12.5  1  20  20  33  20  24  30  24  40  60  45  70  90 
12.5  2  24  75  83  20  50  75  79  90  103  98  110  140 
12.5  3  70  85  110  20  79  100  118  135  145  130  165  200 
12.5  4  136  150  160  90  124  145  129  150  200  165  190  300 
16  1  18  20  40  10  24  35  20  35  50  40  50  60 
16  2  38  55  63  20  33  50  50  75  103  80  113  143 
16  3  66  100  135  40  70  85  88  120  143  118  160  185 
16  4  128  140  185  60  120  123  145  170  185  215  250  305 
20  1  20  20  33  10  18  28  20  23  36  30  50  58 
20  2  28  45  80  10  29  60  40  60  93  68  88  125 
20  3  45  75  113  20  60  75  79  105  125  124  145  193 
20  4  83  145  178  75  130  150  138  160  223  195  235  385 
 
 
Table E.5.2 Summary of raw data (interquartile ranges of discomfort ratings) obtained 
for each 8-Hz test stimulus with each seat in relative discomfort test in Experiment 5. 
Freq.  Mag    C01      C02      C03      C04   
(Hz)  no.  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
8  1  80  80  88  50  80  85  75  85  93  68  90  100 
8  2  100  100  115  100  100  100  100  100  106  100  110  120 
8  3  120  130  140  110  120  128  118  125  150  128  140  150 
8  4  150  160  185  120  148  170  140  165  205  170  200  200 
 
   280 
 
   281 
 
 
APPENDIX F  Coefficient of Determination, R
2 
Coefficient of Determination, R
2 
Linear regressions of logarithmic terms of subjective responses (i.e. discomfort ratings) 
and test stimuli of each frequency were performed by means of least squares method. 
The medians and interquartile ranges of the coefficient of determination of each linear 
regression are summarised here. 
   282 
 
F.1 Coefficient of determination: Experiment 1 (Chapter 4) 
Table  F.1  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magnitude of test stimuli at each frequency in Experiment 1. 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.83  0.89  0.94  0.78  0.85  0.88  0.73  0.77  0.86  0.83  0.87  0.91 
3.15  0.82  0.90  0.93  0.81  0.88  0.91  0.81  0.86  0.91  0.80  0.88  0.91 
4  0.82  0.85  0.88  0.83  0.86  0.88  0.72  0.83  0.87  0.85  0.88  0.90 
5  0.82  0.87  0.90  0.84  0.88  0.91  0.74  0.85  0.89  0.85  0.92  0.92 
6.3  0.74  0.81  0.86  0.79  0.84  0.88  0.80  0.85  0.91  0.84  0.86  0.87 
8  0.74  0.84  0.91  0.76  0.85  0.94  0.80  0.84  0.88  0.76  0.82  0.87 
10  0.82  0.86  0.90  0.81  0.84  0.89  0.72  0.85  0.89  0.84  0.88  0.91 
12.5  0.81  0.83  0.88  0.79  0.87  0.89  0.82  0.91  0.94  0.83  0.88  0.92 
16  0.75  0.83  0.86  0.72  0.78  0.82  0.75  0.83  0.88  0.84  0.88  0.91 
20  0.84  0.88  0.92  0.80  0.85  0.90  0.79  0.89  0.94  0.62  0.84  0.92 
25  0.80  0.81  0.84  0.73  0.80  0.90  0.83  0.89  0.92  0.75  0.84  0.88 
8 (ref)  0.74  0.84  0.88  0.77  0.82  0.86  0.80  0.85  0.88  0.79  0.81  0.85 
 
F.2 Coefficient of determination: Experiment 2 (Chapter 5) 
Table  F.2  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magntiude of  test stimuli at each frequency in Experiment 2. 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.77  0.80  0.85  0.76  0.78  0.85  0.77  0.81  0.90  0.82  0.86  0.91 
3.15  0.70  0.80  0.82  0.74  0.81  0.85  0.75  0.83  0.87  0.83  0.88  0.90 
4  0.69  0.76  0.82  0.76  0.86  0.88  0.76  0.81  0.86  0.74  0.81  0.89 
5  0.69  0.74  0.81  0.78  0.86  0.87  0.74  0.78  0.85  0.79  0.84  0.89 
6.3  0.76  0.81  0.85  0.73  0.76  0.87  0.75  0.80  0.83  0.82  0.87  0.90 
8  0.73  0.79  0.82  0.77  0.84  0.87  0.82  0.85  0.89  0.79  0.80  0.83 
10  0.69  0.76  0.84  0.78  0.85  0.90  0.75  0.80  0.82  0.75  0.82  0.85 
12.5  0.76  0.81  0.85  0.74  0.77  0.81  0.76  0.82  0.85  0.78  0.81  0.89 
16  0.73  0.83  0.87  0.79  0.83  0.88  0.76  0.81  0.87  0.80  0.84  0.88 
20  0.74  0.82  0.90  0.79  0.82  0.87  0.75  0.80  0.85  0.79  0.83  0.89 
25  0.84  0.87  0.90  0.77  0.84  0.88  0.78  0.83  0.91  0.81  0.85  0.91 
8 (ref)  0.78  0.84  0.87  0.75  0.82  0.90  0.84  0.87  0.89  0.85  0.87  0.89 
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F.3 Coefficient of determination: Experiment 3 (Chapter 6) 
Table  F.3  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magnitude of test stimuli at each frequency in Experiment 3. 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.81  0.84  0.89  0.74  0.82  0.88  0.82  0.88  0.91  0.81  0.90  0.95  0.81  0.85  0.90 
3.15  0.80  0.87  0.88  0.78  0.83  0.87  0.83  0.90  0.92  0.82  0.87  0.89  0.77  0.86  0.90 
4  0.71  0.76  0.86  0.74  0.78  0.86  0.83  0.88  0.90  0.80  0.85  0.90  0.80  0.85  0.87 
5  0.79  0.83  0.88  0.77  0.82  0.87  0.77  0.85  0.91  0.79  0.87  0.92  0.83  0.89  0.92 
6.3  0.75  0.85  0.88  0.78  0.86  0.89  0.79  0.84  0.85  0.79  0.84  0.87  0.80  0.83  0.89 
8  0.75  0.77  0.81  0.74  0.83  0.89  0.72  0.76  0.82  0.80  0.81  0.90  0.76  0.80  0.84 
10  0.86  0.89  0.92  0.79  0.83  0.89  0.81  0.85  0.89  0.81  0.84  0.91  0.72  0.83  0.87 
12.5  0.77  0.86  0.90  0.79  0.85  0.88  0.78  0.82  0.86  0.80  0.82  0.90  0.77  0.83  0.92 
16  0.87  0.90  0.94  0.78  0.84  0.91  0.80  0.89  0.92  0.79  0.84  0.88  0.75  0.81  0.87 
20  0.85  0.87  0.91  0.80  0.87  0.93  0.86  0.90  0.92  0.78  0.82  0.91  0.81  0.87  0.90 
25  0.89  0.90  0.91  0.78  0.89  0.90  0.82  0.87  0.90  0.79  0.87  0.92  0.77  0.81  0.89 
ref  0.83  0.87  0.92  0.78  0.84  0.89  0.83  0.88  0.88  0.82  0.88  0.93  0.82  0.91  0.93 
 
 
F.4 Coefficient of determination: Experiment 4 (Chapter 7) 
Table  F.4  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magnitude of test stimuli at each frequency in Experiment 4. (1/2) 
Freq    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.81  0.83  0.87  0.82  0.85  0.90  0.81  0.86  0.92  0.82  0.87  0.90  0.82  0.86  0.88 
1.25  0.80  0.83  0.84  0.80  0.87  0.90  0.79  0.82  0.89  0.72  0.78  0.81  0.83  0.86  0.88 
1.6  0.78  0.84  0.90  0.77  0.84  0.92  0.76  0.85  0.89  0.76  0.84  0.88  0.75  0.84  0.90 
2  0.74  0.78  0.89  0.80  0.83  0.88  0.78  0.87  0.90  0.74  0.77  0.80  0.75  0.80  0.86 
2.5  0.76  0.82  0.89  0.74  0.84  0.86  0.83  0.86  0.88  0.77  0.83  0.86  0.78  0.81  0.87 
3.15  0.75  0.80  0.84  0.74  0.86  0.90  0.75  0.79  0.90  0.75  0.78  0.89  0.74  0.77  0.86 
4  0.83  0.85  0.89  0.77  0.82  0.90  0.80  0.83  0.91  0.74  0.83  0.88  0.80  0.89  0.92 
5  0.82  0.88  0.94  0.85  0.86  0.91  0.73  0.80  0.93  0.77  0.84  0.91  0.84  0.88  0.93 
6.3  0.82  0.87  0.91  0.76  0.78  0.85  0.81  0.82  0.89  0.74  0.81  0.86  0.80  0.87  0.88 
8  0.77  0.81  0.85  0.74  0.81  0.89  0.72  0.81  0.92  0.75  0.78  0.82  0.72  0.80  0.93 
10  0.73  0.80  0.86  0.78  0.81  0.88  0.80  0.84  0.90  0.77  0.81  0.89  0.81  0.84  0.87 
12.5  0.81  0.82  0.87  0.76  0.83  0.87  0.78  0.84  0.89  0.75  0.82  0.87  0.77  0.87  0.89 284 
 
Table  F.4  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magnitude of test stimuli at each frequency in Experiment 4. (2/2) 
Freq    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
16  0.77  0.80  0.90  0.78  0.81  0.85  0.75  0.82  0.88  0.79  0.81  0.83  0.75  0.87  0.91 
16  0.76  0.79  0.85  0.74  0.85  0.88  0.79  0.83  0.86  0.76  0.83  0.89  0.77  0.83  0.89 
20  0.81  0.83  0.87  0.71  0.80  0.87  0.74  0.81  0.90  0.71  0.89  0.93  0.70  0.75  0.93 
ref  -  -  -  0.82  0.85  0.90  0.81  0.86  0.92  0.82  0.87  0.90  0.82  0.86  0.88 
 
 
F.5 Coefficient of determination: Experiment 5 (Chapter 8) 
Table  F.5  Summary  of  coefficient  of  determination  for  linear  regressions,  R
2 
(interquartile ranges) between logarithmic terms of subjective responses (discomfort 
ratings) to magnitude of test stimuli at each frequency in Experiment 5. 
Freq.    C01      C02      C03      C04   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.85  0.93  0.96  0.88  0.92  0.98  0.93  0.95  0.98  0.84  0.95  0.98 
1.25  0.87  0.91  0.97  0.90  0.92  0.97  0.87  0.94  0.96  0.88  0.89  0.97 
1.6  0.83  0.88  0.95  0.84  0.89  0.95  0.88  0.92  0.96  0.89  0.91  0.97 
2  0.94  0.96  0.97  0.85  0.93  0.98  0.86  0.91  0.95  0.85  0.92  0.96 
2.5  0.89  0.94  0.97  0.89  0.95  0.97  0.82  0.92  0.96  0.88  0.94  0.97 
3.15  0.81  0.86  0.96  0.89  0.94  0.97  0.91  0.93  0.95  0.91  0.93  0.97 
4  0.94  0.97  0.99  0.89  0.92  0.97  0.92  0.94  0.97  0.92  0.96  0.99 
5  0.86  0.90  0.94  0.89  0.94  0.97  0.88  0.93  0.97  0.85  0.95  0.98 
6.3  0.89  0.91  0.95  0.86  0.92  0.95  0.79  0.91  0.97  0.87  0.93  0.95 
8  0.84  0.90  0.94  0.83  0.90  0.95  0.87  0.95  0.99  0.91  0.93  0.96 
10  0.73  0.84  0.92  0.77  0.88  0.93  0.88  0.93  0.96  0.88  0.94  0.98 
12.5  0.77  0.88  0.89  0.83  0.95  0.97  0.68  0.82  0.91  0.73  0.83  0.94 
16  0.77  0.88  0.94  0.86  0.93  0.97  0.82  0.89  0.95  0.91  0.95  0.99 
16  0.68  0.80  0.90  0.86  0.90  0.94  0.85  0.92  0.95  0.80  0.87  0.94 
20  0.95  0.97  0.98  0.93  0.96  1.00  0.90  0.96  0.99  0.95  0.96  0.99 
ref  0.85  0.93  0.96  0.88  0.92  0.98  0.93  0.95  0.98  0.84  0.95  0.98 
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APPENDIX G  Rates of growth of discomfort 
Rates of growth of discomfort (power law exponent), n 
Medians and interquartile ranges of the rate of growth of discomfort with increasing 
vibration magnitude obtained from linear regression for each experiment. 
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H.1 Rate of growth of discomfort: Experiment 1 (Chapter 4) 
Table  G.1 Summary of rates of growth of discomfort of  x-axis vibration of inclined 
backrests 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.617  0.804  0.979  0.637  0.755  0.911  0.454  0.897  1.070  0.582  0.885  1.034 
3.15  0.645  0.805  0.894  0.667  0.732  0.997  0.653  0.780  0.901  0.525  0.685  0.833 
4  0.563  0.623  0.863  0.664  0.897  1.020  0.514  0.779  1.001  0.579  0.692  0.822 
5  0.538  0.679  0.921  0.745  0.827  0.949  0.614  0.730  0.855  0.618  0.679  0.821 
6.3  0.606  0.728  0.864  0.687  0.879  1.030  0.740  0.935  1.003  0.737  0.805  0.945 
8  0.555  0.687  0.920  0.731  0.804  1.003  0.619  0.827  1.330  0.679  0.785  0.840 
10  0.720  0.834  0.984  0.685  0.774  1.068  0.687  0.945  1.188  0.556  0.696  1.016 
12.5  0.674  0.784  0.962  0.529  0.732  0.996  0.735  0.880  1.258  0.646  0.840  1.010 
16  0.746  0.915  1.176  0.511  0.806  0.989  0.658  1.125  1.309  0.598  0.734  0.920 
20  0.493  0.690  0.899  0.698  0.870  0.955  0.864  0.912  0.972  0.528  0.619  0.811 
25  0.416  0.670  0.938  0.601  0.858  0.997  0.623  0.812  0.995  0.605  0.742  0.915 
 
 
G.2 Rate of growth of discomfort: Experiment 2 (Chapter 5) 
Table  G.2 Summary of rates of growth of discomfort of  z-axis vibration of inclined 
backrests 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.722  0.918  1.156  0.669  0.799  0.995  0.682  1.058  1.210  0.764  1.028  1.227 
3.15  0.600  0.759  1.047  0.589  0.813  0.953  0.684  0.885  1.118  0.805  1.158  1.302 
4  0.659  0.777  1.018  0.566  0.755  0.930  0.640  0.798  1.056  0.559  0.794  1.081 
5  0.658  0.911  1.171  0.659  0.784  1.001  0.615  0.794  0.889  0.641  0.747  0.901 
6.3  0.873  0.952  1.025  0.667  0.884  0.971  0.752  0.851  1.060  0.723  0.934  1.230 
8  0.675  0.907  1.008  0.490  0.757  0.939  0.646  0.755  0.962  0.664  0.814  1.034 
10  0.710  0.771  0.875  0.679  0.799  1.034  0.617  0.792  0.870  0.664  0.958  1.045 
12.5  0.494  0.685  0.810  0.622  0.825  1.020  0.582  0.845  1.034  0.946  1.012  1.078 
16  0.637  0.720  0.877  0.635  0.688  0.951  0.617  0.696  0.758  0.844  1.284  1.444 
20  0.608  0.702  0.948  0.576  0.763  0.936  0.607  0.860  1.032  0.877  1.093  1.302 
25  0.437  0.534  0.866  0.533  0.678  0.732  0.676  0.893  1.028  0.834  1.156  1.306 
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G.3 Rate of growth of discomfort: Experiment 3 (Chapter 6) 
Table G.3 Summary of rates of growth of discomfort of vertical seat vibration with five 
different backrest conditions: no backrest, with stationary backrest at four inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.79  1.05  1.40  0.87  0.95  1.43  0.94  1.18  1.50  0.97  1.18  1.66  0.91  1.06  1.27 
3.15  0.94  1.17  1.43  1.06  1.23  1.36  0.77  1.19  1.52  0.98  1.10  1.28  1.04  1.07  1.20 
4  0.77  0.93  1.14  0.68  0.88  1.18  0.89  1.11  1.27  0.91  1.09  1.21  0.82  0.98  1.23 
5  0.83  0.96  1.15  0.73  0.89  1.09  0.84  0.94  1.10  0.89  1.06  1.38  1.02  1.23  1.33 
6.3  0.71  0.81  0.87  0.55  0.73  0.78  0.63  0.77  0.99  0.72  0.79  1.19  0.82  0.87  1.13 
8  0.61  0.72  0.79  0.51  0.62  0.79  0.54  0.63  0.89  0.73  1.03  1.20  0.61  0.79  1.04 
10  0.66  0.73  0.95  0.67  0.73  0.92  0.66  0.79  0.94  0.52  0.79  1.00  0.64  0.78  0.96 
12.5  0.66  0.73  0.84  0.59  0.64  0.79  0.55  0.66  0.85  0.48  0.74  0.80  0.49  0.62  0.86 
16  0.69  0.77  0.94  0.60  0.79  0.83  0.55  0.71  0.98  0.58  0.69  0.92  0.53  0.59  0.86 
20  0.75  0.78  0.88  0.59  0.75  0.93  0.49  0.79  1.09  0.43  0.80  1.01  0.46  0.60  0.92 
25  0.63  0.76  0.97  0.46  0.63  0.78  0.52  0.71  0.91  0.46  0.66  0.96  0.54  0.64  0.90 
 
G.4 Rate of growth of discomfort: Experiment 4 (Chapter 7) 
Table G.4 Summary of rates of growth of discomfort of whole-body vertical vibration 
with five different backrest  conditions: no backrest, with stationary backrest  at four 
inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.70  0.90  1.44  0.77  0.97  1.25  0.88  1.08  1.43  0.91  1.06  1.22  0.75  0.97  1.18 
1.25  0.79  1.04  1.41  0.67  0.82  1.42  0.78  0.93  1.68  0.82  0.92  1.47  0.82  0.95  1.35 
1.6  0.79  0.96  1.18  0.72  0.90  1.09  0.71  0.91  1.22  0.78  1.04  1.21  0.72  1.01  1.38 
2  0.57  0.79  0.93  0.57  0.96  1.20  0.66  0.82  1.12  0.66  0.84  0.92  0.53  0.67  0.85 
2.5  0.65  0.94  1.23  0.65  0.87  1.09  0.68  0.98  1.68  0.78  0.92  1.12  0.88  0.99  1.16 
3.15  0.65  0.79  1.44  0.91  1.04  1.51  0.87  1.05  1.28  0.69  0.97  1.38  0.78  0.95  1.02 
4  0.60  0.96  1.35  0.93  1.18  1.54  0.67  0.85  1.45  0.76  1.10  1.42  1.01  1.29  1.70 
5  0.68  1.01  1.30  0.69  0.87  1.05  0.68  1.03  1.35  0.62  0.82  1.46  0.69  1.03  1.26 
6.3  0.52  0.63  0.92  0.56  0.72  0.89  0.46  0.68  0.94  0.71  1.14  1.46  0.66  0.93  0.97 
8  0.35  0.52  0.62  0.39  0.55  0.60  0.36  0.48  0.58  0.43  0.53  0.61  0.45  0.52  0.64 
10  0.42  0.61  0.70  0.36  0.49  0.79  0.34  0.45  0.60  0.45  0.50  0.70  0.44  0.55  0.61 
12.5  0.58  0.64  0.75  0.49  0.58  0.70  0.45  0.49  0.71  0.48  0.55  0.82  0.49  0.68  0.76 
16  0.61  0.75  0.93  0.50  0.76  0.99  0.44  0.50  0.81  0.51  0.63  0.74  0.51  0.64  0.80 
20  0.51  0.72  1.16  0.54  0.65  1.27  0.52  0.66  0.81  0.58  0.70  0.79  0.56  0.80  0.90 
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G.5 Rate of growth of discomfort: Experiment 5 (Chapter 8) 
Table G.5 Summary of rates of growth of discomfort of whole-body vertical vibration 
with four different seats with backrest inclined at 30 from vertical 
Freq.    C01      C02      C03      C04   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.953  1.14  1.564  0.887  1.04  1.433  0.964  1.34  1.588  0.907  1.15  1.503 
1.25  0.803  1.06  1.135  0.863  0.97  1.376  0.883  1.05  1.322  0.979  1.27  1.445 
1.6  0.802  0.91  1.306  0.764  0.84  1.314  0.823  0.91  1.173  0.917  1.05  1.407 
2  0.723  0.92  1.265  0.743  0.91  1.265  0.747  0.87  1.170  0.793  0.94  1.222 
2.5  0.594  0.85  1.339  0.576  0.81  1.030  0.774  0.90  1.301  0.904  1.18  1.359 
3.15  0.629  0.89  0.994  0.599  0.73  1.005  0.853  1.06  1.269  0.841  0.93  1.306 
4  0.431  0.47  0.549  0.361  0.50  0.639  0.497  0.62  0.859  0.843  1.09  1.291 
5  0.388  0.44  0.502  0.321  0.48  0.582  0.433  0.50  0.621  0.624  0.69  1.065 
6.3  0.398  0.47  0.637  0.381  0.48  0.547  0.349  0.54  0.600  0.460  0.73  1.018 
8  0.276  0.44  0.472  0.240  0.37  0.500  0.389  0.59  0.669  0.433  0.48  0.547 
10  0.295  0.53  0.615  0.482  0.55  0.671  0.586  0.68  0.772  0.381  0.56  0.633 
12.5  0.456  0.78  0.983  0.577  0.67  0.784  0.584  0.70  0.793  0.392  0.52  0.708 
16  0.753  0.86  1.008  0.481  0.66  0.837  0.579  0.76  0.985  0.569  0.75  0.846 
20  0.541  0.82  1.064  0.542  0.80  0.997  0.727  0.85  1.020  0.638  0.83  0.967 
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APPENDIX H  Equivalent comfort contours 
Equivalent comfort contours 
Medians and interquartile ranges of vibration accelerations required to cause similar 
discomfort to that of the reference vibration in each condition of all experiments.   290 
 
H.1 Equivalent comfort contours: Experiment 1 (Chapter 4) 
Table H.1 Interquartile ranges of equivalent comfort contour of 100 for x-axis vibration 
of the backrest with four backrest inclinations. 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.163  0.208  0.253  0.169  0.198  0.227  0.156  0.210  0.377  0.109  0.170  0.243 
3.15  0.212  0.256  0.307  0.174  0.213  0.257  0.139  0.196  0.246  0.150  0.206  0.268 
4  0.206  0.268  0.365  0.235  0.250  0.271  0.223  0.249  0.324  0.216  0.242  0.285 
5  0.197  0.231  0.298  0.239  0.251  0.273  0.197  0.252  0.342  0.230  0.258  0.303 
6.3  0.196  0.245  0.289  0.240  0.260  0.280  0.222  0.254  0.272  0.224  0.257  0.284 
8  0.172  0.201  0.219  0.222  0.230  0.244  0.206  0.224  0.241  0.191  0.206  0.239 
10  0.183  0.210  0.247  0.159  0.182  0.209  0.175  0.194  0.239  0.155  0.183  0.223 
12.5  0.190  0.222  0.305  0.178  0.194  0.236  0.167  0.186  0.217  0.164  0.187  0.203 
16  0.232  0.289  0.321  0.197  0.256  0.304  0.176  0.220  0.296  0.211  0.248  0.301 
20  0.276  0.305  0.422  0.251  0.311  0.378  0.266  0.316  0.439  0.212  0.329  0.463 
25  0.291  0.404  0.523  0.255  0.349  0.447  0.278  0.342  0.487  0.316  0.362  0.480 
 
 
H.2 Equivalent comfort contours: Experiment 2 (Chapter 5) 
Table H.2 Interquartile ranges of equivalent comfort contour of 100 for z-axis vibration 
of inclined backrests 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.235  0.315  0.456  0.251  0.318  0.359  0.226  0.316  0.435  0.278  0.304  0.457 
3.15  0.360  0.440  0.634  0.323  0.388  0.498  0.266  0.374  0.433  0.306  0.338  0.459 
4  0.478  0.562  0.839  0.411  0.542  0.601  0.381  0.401  0.609  0.320  0.444  0.572 
5  0.563  0.716  0.880  0.557  0.608  0.750  0.489  0.529  0.785  0.458  0.515  0.721 
6.3  0.748  0.804  1.070  0.705  0.884  0.964  0.596  0.742  0.781  0.733  0.766  0.855 
8  0.909  1.163  1.313  0.808  0.848  0.980  0.752  0.837  0.891  0.836  1.002  1.196 
10  1.172  1.279  1.418  0.960  1.040  1.223  0.828  1.010  1.171  1.145  1.169  1.242 
12.5  1.148  1.371  1.624  1.163  1.282  1.533  0.901  1.093  1.623  1.074  1.265  1.476 
16  1.291  1.952  2.285  1.415  1.872  2.145  0.947  1.281  1.557  1.104  1.336  1.574 
20  1.668  2.045  2.379  1.563  1.959  2.366  1.256  1.727  2.337  1.027  1.492  1.740 
25  1.282  1.644  2.625  1.259  1.606  2.177  1.450  2.104  2.449  1.568  2.033  2.349 
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H.3 Equivalent comfort contours: Experiment 3 (Chapter 6) 
Table H.3 Interquartile ranges of equivalent comfort contour of 100 for vertical seat 
vibration with five different backrest conditions: no backrest, with stationary backrest at 
four inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.144  0.157  0.319  0.109  0.123  0.148  0.124  0.142  0.218  0.109  0.138  0.195  0.111  0.150  0.200 
3.15  0.143  0.159  0.266  0.138  0.150  0.174  0.137  0.166  0.293  0.174  0.199  0.271  0.151  0.223  0.252 
4  0.197  0.282  0.315  0.165  0.198  0.232  0.207  0.254  0.334  0.214  0.255  0.301  0.213  0.290  0.345 
5  0.199  0.242  0.285  0.187  0.201  0.234  0.233  0.264  0.379  0.218  0.250  0.383  0.294  0.307  0.342 
6.3  0.176  0.253  0.282  0.183  0.219  0.241  0.202  0.236  0.272  0.279  0.327  0.353  0.290  0.319  0.357 
8  0.234  0.263  0.307  0.224  0.255  0.302  0.241  0.288  0.304  0.283  0.299  0.337  0.258  0.334  0.375 
10  0.272  0.315  0.380  0.326  0.363  0.403  0.290  0.361  0.391  0.220  0.342  0.411  0.306  0.398  0.418 
12.5  0.317  0.399  0.580  0.308  0.345  0.375  0.281  0.323  0.489  0.259  0.339  0.410  0.217  0.296  0.422 
16  0.299  0.387  0.514  0.315  0.350  0.409  0.278  0.383  0.520  0.288  0.397  0.489  0.260  0.398  0.442 
20  0.332  0.543  0.625  0.334  0.478  0.529  0.272  0.379  0.562  0.267  0.371  0.591  0.242  0.385  0.473 
25  0.385  0.579  0.757  0.304  0.419  0.655  0.270  0.426  0.718  0.349  0.460  0.581  0.306  0.419  0.615 
 
H.4 Equivalent comfort contours: Experiment 4 (Chapter 7) 
Table  H.4 Interquartile ranges of equivalent comfort contour of 100 for whole-body 
vertical vibration with five different backrest conditions: no backrest, with stationary 
backrest at four inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.88  0.99  1.24  0.81  1.02  1.27  1.00  1.17  1.44  1.02  1.32  1.46  0.63  0.90  1.14 
1.25  0.94  1.02  1.16  0.93  1.02  1.26  1.08  1.30  1.42  1.02  1.21  1.38  0.92  0.97  1.24 
1.6  1.02  1.14  1.24  0.94  1.09  1.27  1.00  1.18  1.32  1.06  1.26  1.43  0.83  0.98  1.34 
2  0.82  0.99  1.10  0.87  1.00  1.25  0.99  1.10  1.24  0.89  1.14  1.35  0.69  0.84  1.17 
2.5  0.78  0.84  0.90  0.75  0.92  1.12  0.86  1.02  1.18  0.86  1.13  1.22  0.80  0.88  1.13 
3.15  0.61  0.67  0.76  0.72  0.85  0.98  0.71  0.89  1.10  0.77  0.88  1.08  0.70  0.82  0.96 
4  0.44  0.57  0.61  0.59  0.63  0.70  0.58  0.61  0.79  0.63  0.68  0.88  0.71  0.76  0.80 
5  0.33  0.40  0.44  0.37  0.40  0.48  0.41  0.53  0.64  0.51  0.59  0.78  0.55  0.58  0.67 
6.3  0.29  0.32  0.41  0.32  0.35  0.36  0.30  0.39  0.44  0.41  0.49  0.60  0.37  0.41  0.51 
8  0.32  0.35  0.37  0.29  0.34  0.41  0.28  0.32  0.35  0.28  0.31  0.39  0.30  0.34  0.38 
10  0.29  0.35  0.47  0.25  0.33  0.38  0.24  0.26  0.28  0.23  0.30  0.36  0.24  0.28  0.32 
12.5  0.32  0.42  0.48  0.28  0.32  0.40  0.27  0.28  0.33  0.25  0.31  0.40  0.20  0.25  0.33 
16  0.37  0.46  0.50  0.31  0.40  0.46  0.21  0.31  0.38  0.24  0.28  0.31  0.18  0.27  0.38 
20  0.38  0.51  0.58  0.39  0.45  0.61  0.22  0.31  0.34  0.17  0.21  0.28  0.19  0.28  0.33 
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H.5 Equivalent comfort contours: Experiment 5 (Chapter 8) 
Table  H.5 Interquartile ranges of equivalent comfort contour of 100 for whole-body 
vertical vibration with four different seats with backrest inclined at 30 from vertical 
Freq.    C01      C02      C03      C04   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.830  1.020  1.226  0.842  0.989  1.040  0.856  1.148  1.391  1.010  1.319  1.604 
1.25  0.942  1.071  1.229  0.796  1.033  1.173  0.931  1.061  1.528  0.941  1.268  1.500 
1.6  0.720  0.875  1.062  0.716  0.841  0.982  0.824  1.062  1.287  1.072  1.319  1.588 
2  0.646  0.800  0.888  0.722  0.841  1.006  0.764  0.889  1.065  1.059  1.256  1.369 
2.5  0.449  0.571  0.690  0.594  0.670  0.764  0.648  0.896  1.009  0.820  1.043  1.227 
3.15  0.322  0.457  0.531  0.313  0.435  0.516  0.430  0.647  0.844  0.732  0.984  1.091 
4  0.187  0.225  0.337  0.152  0.252  0.347  0.258  0.398  0.486  0.623  0.817  0.981 
5  0.194  0.226  0.378  0.182  0.239  0.301  0.212  0.317  0.400  0.490  0.571  0.810 
6.3  0.251  0.346  0.427  0.252  0.340  0.369  0.308  0.376  0.446  0.297  0.491  0.601 
8  0.273  0.350  0.459  0.312  0.386  0.540  0.335  0.389  0.490  0.311  0.349  0.436 
10  0.526  0.752  0.931  0.499  0.595  0.725  0.453  0.587  0.789  0.291  0.394  0.437 
12.5  0.771  0.892  1.410  0.625  0.857  0.988  0.492  0.606  0.868  0.259  0.395  0.467 
16  0.757  1.013  1.213  0.604  1.060  1.304  0.548  0.766  0.991  0.355  0.424  0.568 
20  0.859  1.139  2.415  0.632  0.929  1.214  0.582  0.874  1.054  0.407  0.543  0.654 
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APPENDIX I   Relative discomfort contours 
Relative discomfort contours 
Medians and interquartile ranges of vibration acceleration required with each condition 
to cause similar discomfort to that caused by the common reference condition in all 
experiments.   294 
 
I.1 Relative discomfort: Experiment 1 (Chapter 4) 
Table  I.1 Interquartile ranges of relative discomfort of x-axis vibration between four 
different backrest inclinations 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.185  0.243  0.275  0.211  0.255  0.446  0.251  0.309  0.428  0.153  0.240  0.420 
3.15  0.252  0.290  0.372  0.225  0.329  0.387  0.230  0.284  0.403  0.218  0.293  0.491 
4  0.281  0.307  0.368  0.292  0.378  0.415  0.305  0.392  0.536  0.285  0.365  0.495 
5  0.242  0.276  0.373  0.293  0.359  0.431  0.322  0.400  0.540  0.341  0.438  0.504 
6.3  0.238  0.291  0.366  0.301  0.385  0.466  0.318  0.352  0.414  0.309  0.376  0.447 
8  0.232  0.247  0.287  0.271  0.326  0.367  0.291  0.313  0.358  0.311  0.344  0.379 
10  0.230  0.255  0.300  0.228  0.267  0.290  0.230  0.294  0.323  0.234  0.300  0.327 
12.5  0.232  0.279  0.363  0.220  0.255  0.362  0.210  0.276  0.339  0.249  0.260  0.285 
16  0.266  0.335  0.368  0.279  0.353  0.497  0.237  0.335  0.439  0.279  0.355  0.538 
20  0.350  0.419  0.589  0.319  0.386  0.547  0.287  0.490  0.677  0.349  0.575  0.890 
25  0.434  0.517  0.656  0.311  0.467  0.621  0.268  0.530  0.763  0.443  0.555  0.905 
 
 
I.2 Relative discomfort: Experiment 2 (Chapter 5) 
Table  I.2 Interquartile ranges of relative discomfort of  z-axis vibration between four 
backrest inclinations 
Freq.    0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.239  0.303  0.847  0.338  0.369  0.534  0.300  0.414  0.507  0.329  0.397  0.515 
3.15  0.317  0.464  1.247  0.409  0.508  0.775  0.352  0.451  0.527  0.371  0.421  0.555 
4  0.372  0.682  1.252  0.629  0.750  0.960  0.456  0.571  0.695  0.436  0.606  0.729 
5  0.563  0.729  1.675  0.739  0.879  1.011  0.633  0.742  0.953  0.665  0.818  0.973 
6.3  0.753  1.022  1.631  1.009  1.153  1.321  0.764  0.843  1.091  0.770  1.111  1.374 
8  0.887  1.171  1.589  1.118  1.343  1.519  0.951  1.059  1.182  1.137  1.404  1.575 
10  0.890  1.459  2.119  1.183  1.549  1.773  1.100  1.304  1.491  1.292  1.852  2.024 
12.5  1.077  1.608  2.411  1.375  1.862  2.171  1.180  1.459  2.109  1.377  1.629  2.138 
16  1.304  1.934  3.763  2.044  2.843  3.241  1.398  1.774  2.210  1.450  1.774  1.948 
20  1.413  2.380  3.327  1.878  2.762  3.207  1.572  2.282  2.877  1.499  1.895  2.332 
25  0.948  2.421  3.667  1.915  2.491  2.969  1.936  2.643  3.439  1.923  2.486  3.085 
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I.3 Relative discomfort: Experiment 3 (Chapter 6) 
Table I.3 Interquartile ranges of relative discomfort of vertical seat vibration between 
five  different  backrest  conditions:  no  backrest,  with  stationary  backrest  at  four 
inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
2.5  0.127  0.180  0.308  0.104  0.116  0.163  0.137  0.157  0.221  0.157  0.192  0.219  0.138  0.201  0.263 
3.15  0.151  0.175  0.279  0.132  0.161  0.179  0.160  0.192  0.258  0.214  0.253  0.325  0.206  0.295  0.358 
4  0.211  0.271  0.356  0.169  0.192  0.280  0.228  0.274  0.340  0.274  0.346  0.408  0.328  0.379  0.436 
5  0.199  0.225  0.334  0.179  0.195  0.260  0.238  0.268  0.370  0.242  0.401  0.415  0.332  0.383  0.428 
6.3  0.203  0.238  0.273  0.184  0.217  0.266  0.205  0.237  0.307  0.315  0.355  0.477  0.367  0.397  0.442 
8  0.271  0.277  0.308  0.247  0.284  0.316  0.261  0.314  0.395  0.300  0.364  0.497  0.383  0.481  0.512 
10  0.285  0.317  0.408  0.333  0.355  0.431  0.312  0.381  0.443  0.301  0.391  0.686  0.412  0.543  0.641 
12.5  0.318  0.450  0.537  0.308  0.355  0.426  0.348  0.401  0.497  0.326  0.505  0.602  0.371  0.510  0.649 
16  0.309  0.428  0.515  0.317  0.368  0.478  0.406  0.436  0.583  0.405  0.600  0.739  0.417  0.548  0.586 
20  0.387  0.569  0.681  0.389  0.475  0.572  0.342  0.443  0.588  0.462  0.569  0.696  0.399  0.592  0.723 
25  0.394  0.583  0.781  0.330  0.409  0.669  0.377  0.537  0.672  0.495  0.664  0.967  0.478  0.692  0.863 
 
I.4 Relative discomfort: Experiment 4 (Chapter 7) 
Table  I.4 Interquartile ranges of relative discomfort of whole-body vertical vibration 
between five different backrest conditions: no backrest, with stationary backrest at four 
inclinations 
Freq.    nb      0      30      60      90   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  0.88  0.99  1.24  0.80  1.00  1.29  0.97  1.11  1.47  0.84  1.17  1.41  0.56  0.78  1.14 
1.25  0.94  1.02  1.16  0.87  1.13  1.24  0.90  1.23  1.46  0.87  1.07  1.31  0.83  0.96  1.19 
1.6  1.02  1.14  1.24  0.95  1.08  1.22  0.90  1.17  1.29  0.94  1.18  1.36  0.74  0.92  1.20 
2  0.82  0.99  1.10  0.83  0.99  1.18  0.87  1.11  1.26  0.89  0.96  1.20  0.64  0.79  1.10 
2.5  0.78  0.84  0.90  0.79  0.88  1.01  0.79  0.88  1.13  0.91  0.98  1.12  0.73  0.88  1.05 
3.15  0.61  0.67  0.76  0.74  0.80  0.90  0.68  0.87  1.01  0.67  0.79  0.98  0.65  0.81  0.85 
4  0.44  0.57  0.61  0.58  0.61  0.67  0.57  0.64  0.70  0.56  0.66  0.82  0.64  0.71  0.75 
5  0.33  0.40  0.44  0.34  0.38  0.48  0.40  0.45  0.63  0.48  0.54  0.60  0.49  0.55  0.59 
6.3  0.29  0.32  0.41  0.27  0.35  0.36  0.23  0.35  0.43  0.36  0.41  0.51  0.33  0.38  0.46 
8  0.32  0.35  0.37  0.29  0.33  0.37  0.21  0.28  0.33  0.22  0.26  0.33  0.26  0.30  0.38 
10  0.29  0.35  0.47  0.22  0.31  0.38  0.17  0.24  0.29  0.21  0.28  0.33  0.19  0.24  0.30 
12.5  0.32  0.42  0.48  0.29  0.32  0.36  0.20  0.26  0.31  0.20  0.24  0.31  0.22  0.25  0.30 
16  0.37  0.46  0.50  0.29  0.42  0.45  0.16  0.27  0.37  0.18  0.24  0.29  0.18  0.26  0.36 
20  0.38  0.51  0.58  0.37  0.48  0.55  0.22  0.28  0.31  0.16  0.21  0.24  0.18  0.24  0.30 
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I.5 Relative discomfort: Experiment 5 (Chapter 8) 
Table  I.5 Interquartile ranges of relative discomfort of whole-body vertical vibration 
between four different seats with backrest inclined at 30 from vertical 
Freq.    C01      C02      C03      C04   
(Hz)  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th  25
th  med  75
th 
1  1.388  1.423  1.680  1.282  1.384  1.502  0.968  1.337  1.505  1.010  1.319  1.604 
1.25  1.478  1.706  2.082  1.211  1.413  1.753  1.076  1.217  1.838  0.941  1.268  1.500 
1.6  1.171  1.466  1.834  1.099  1.286  1.540  0.884  1.295  1.530  1.072  1.319  1.588 
2  0.939  1.248  1.566  1.045  1.288  1.529  0.837  1.074  1.278  1.059  1.256  1.369 
2.5  0.734  1.010  1.280  0.817  0.964  1.293  0.693  1.072  1.255  0.820  1.043  1.227 
3.15  0.625  0.775  1.051  0.510  0.740  0.815  0.624  0.756  0.932  0.732  0.984  1.091 
4  0.376  0.758  0.911  0.370  0.577  0.682  0.319  0.465  0.629  0.623  0.817  0.981 
5  0.446  0.776  1.385  0.426  0.455  0.786  0.286  0.391  0.500  0.490  0.571  0.810 
6.3  0.546  0.998  1.755  0.562  0.696  0.904  0.396  0.506  0.681  0.297  0.491  0.601 
8  0.602  1.652  2.504  0.811  1.166  1.919  0.444  0.593  0.707  0.311  0.349  0.436 
10  1.454  1.757  2.574  1.020  1.141  1.879  0.697  0.754  0.973  0.291  0.394  0.437 
12.5  1.163  1.748  2.675  1.118  1.447  2.575  0.643  0.835  1.064  0.259  0.395  0.467 
16  1.187  1.636  2.205  1.345  1.832  2.258  0.699  0.970  1.167  0.355  0.424  0.568 
20  1.393  1.934  3.686  1.222  1.661  2.902  0.750  1.020  1.262  0.407  0.543  0.654 
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APPENDIX J    Location of discomfort 
Location of discomfort 
Location of the most discomfort in the body based on percentage of subjects. 
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J.1 Location of discomfort: Experiment 1 (Chapter 4) 
Table J.1.1 Location of most discomfort for x-axis vibration of inclined backrest (at 0) 
shown in percentage of subjects reported the most discomfort in their body. A = head 
and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = legs 
and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    17  83  0  0  0    0  100  0  0  0 
3.15    0  100  0  0  0    0  100  0  0  0 
4    8  92  0  0  0    8  92  0  0  0 
5    8  83  8  0  0    33  67  0  0  0 
6.3    0  100  0  0  0    33  67  0  0  0 
8    8  92  0  0  0    25  75  0  0  0 
10    17  83  0  0  0    33  67  0  0  0 
12.5    33  58  8  0  0    42  50  0  8  0 
16    17  75  8  0  0    50  50  0  0  0 
20    67  25  8  0  0    67  33  0  0  0 
25    58  42  0  0  0    58  42  0  0  0 
 
 
Table  J.1.2 Location of most discomfort for x-axis vibration of inclined backrest (at 
30) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  100  0  0  0    8  92  0  0  0 
3.15    17  75  8  0  0    8  92  0  0  0 
4    8  92  0  0  0    8  92  0  0  0 
5    0  100  0  0  0    0  100  0  0  0 
6.3    8  92  0  0  0    8  92  0  0  0 
8    25  75  0  0  0    25  75  0  0  0 
10    33  67  0  0  0    33  67  0  0  0 
12.5    33  67  0  0  0    33  67  0  0  0 
16    33  67  0  0  0    33  67  0  0  0 
20    17  75  8  0  0    42  58  0  0  0 
25    42  58  0  0  0    67  33  0  0  0 
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Table K.1.3 Location of most discomfort for x-axis vibration of inclined backrest (at 
60) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    8  75  17  0  0    0  100  0  0  0 
3.15    0  100  0  0  0    0  92  8  0  0 
4    0  100  0  0  0    0  100  0  0  0 
5    0  83  17  0  0    0  100  0  0  0 
6.3    0  92  8  0  0    8  92  0  0  0 
8    8  83  8  0  0    33  67  0  0  0 
10    17  75  8  0  0    33  67  0  0  0 
12.5    33  58  8  0  0    33  67  0  0  0 
16    17  67  8  8  0    25  75  0  0  0 
20    42  50  8  0  0    33  67  0  0  0 
25    17  67  17  0  0    25  75  0  0  0 
 
 
Table K.1.4 Location of most discomfort for x-axis vibration of inclined backrest (at 
90) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  100  0  0  0    0  92  8  0  0 
3.15    8  83  8  0  0    0  83  17  0  0 
4    0  100  0  0  0    0  100  0  0  0 
5    0  100  0  0  0    8  83  8  0  0 
6.3    8  83  8  0  0    17  83  0  0  0 
8    0  100  0  0  0    17  83  0  0  0 
10    0  92  8  0  0    42  58  0  0  0 
12.5    8  83  0  8  0    25  75  0  0  0 
16    17  75  8  0  0    25  67  8  0  0 
20    17  83  0  0  0    42  58  0  0  0 
25    42  50  8  0  0    33  67  0  0  0 
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J.2 Location of discomfort: Experiment 2 (Chapter 5) 
Table J.2.1 Location of most discomfort for z-axis vibration of inclined backrest (at 0) 
shown in percentage of subjects reported the most discomfort in their body. A = head 
and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = legs 
and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  100  0  0  0    0  100  0  0  0 
3.15    0  100  0  0  0    8  92  0  0  0 
4    0  92  8  0  0    0  100  0  0  0 
5    0  100  0  0  0    0  100  0  0  0 
6.3    0  92  8  0  0    17  83  0  0  0 
8    0  100  0  0  0    0  83  17  0  0 
10    0  100  0  0  0    0  100  0  0  0 
12.5    0  92  8  0  0    8  83  8  0  0 
16    0  92  8  0  0    0  92  8  0  0 
20    17  83  0  0  0    17  83  0  0  0 
25    0  100  0  0  0    0  92  8  0  0 
 
 
Table  J.2.2 Location of most discomfort for  z-axis vibration of inclined backrest (at 
30) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  100  0  0  0    0  100  0  0  0 
3.15    0  100  0  0  0    0  100  0  0  0 
4    0  91  9  0  0    0  100  0  0  0 
5    0  100  0  0  0    8  92  0  0  0 
6.3    17  83  0  0  0    8  92  0  0  0 
8    8  92  0  0  0    8  92  0  0  0 
10    33  50  17  0  0    42  58  0  0  0 
12.5    33  58  8  0  0    17  83  0  0  0 
16    25  67  8  0  0    17  83  0  0  0 
20    42  58  0  0  0    25  75  0  0  0 
25    33  67  0  0  0    33  67  0  0  0 
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Table  J.2.3 Location of most discomfort for  z-axis vibration of inclined backrest (at 
60) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  92  8  0  0    0  92  8  0  0 
3.15    17  75  8  0  0    8  83  8  0  0 
4    25  67  8  0  0    8  92  0  0  0 
5    0  83  17  0  0    8  92  0  0  0 
6.3    8  83  8  0  0    0  100  0  0  0 
8    8  92  0  0  0    25  75  0  0  0 
10    33  67  0  0  0    25  75  0  0  0 
12.5    8  92  0  0  0    8  92  0  0  0 
16    33  67  0  0  0    33  67  0  0  0 
20    25  75  0  0  0    8  83  8  0  0 
25    8  83  8  0  0    33  67  0  0  0 
 
 
Table K.2.4 Location of most discomfort for z-axis vibration of inclined backrest (at 
90) shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    8  83  8  0  0    0  92  8  0  0 
3.15    0  100  0  0  0    8  92  0  0  0 
4    8  92  0  0  0    0  100  0  0  0 
5    0  100  0  0  0    0  92  8  0  0 
6.3    0  100  0  0  0    17  83  0  0  0 
8    8  75  17  0  0    8  92  0  0  0 
10    8  83  8  0  0    8  92  0  0  0 
12.5    8  83  8  0  0    0  92  8  0  0 
16    0  92  8  0  0    17  83  0  0  0 
20    8  92  0  0  0    8  83  8  0  0 
25    0  100  0  0  0    8  83  8  0  0 
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J.3 Location of discomfort: Experiment 3 (Chapter 6) 
Table  J.3.1 Location of most discomfort for vertical seat vibration with no backrest 
shown in percentage of subjects reported the most discomfort in their body. A = head 
and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = legs 
and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  42  58  0  0    0  25  75  0  0 
3.15    0  25  75  0  0    0  33  67  0  0 
4    0  17  83  0  0    17  42  42  0  0 
5    0  42  58  0  0    17  33  50  0  0 
6.3    0  42  58  0  0    8  75  17  0  0 
8    0  42  58  0  0    8  58  33  0  0 
10    0  50  50  0  0    0  50  50  0  0 
12.5    8  33  58  0  0    33  25  42  0  0 
16    8  25  67  0  0    42  17  42  0  0 
20    17  8  75  0  0    50  0  50  0  0 
25    25  8  67  0  0    33  17  50  0  0 
 
 
Table  J.3.2  Location  of  most  discomfort  for  vertical  seat  vibration  with  stationary 
inclined backrest (at 0) shown in percentage of subjects reported the most discomfort 
in their body. A = head and neck, B = shoulders, upper back and lower back, C = 
pelvis and thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  25  75  0  0    0  58  42  0  0 
3.15    0  58  42  0  0    0  58  42  0  0 
4    0  42  58  0  0    0  42  58  0  0 
5    0  67  25  8  0    0  58  42  0  0 
6.3    0  42  58  0  0    8  58  33  0  0 
8    8  42  50  0  0    0  75  25  0  0 
10    0  42  58  0  0    25  17  58  0  0 
12.5    25  25  50  0  0    50  8  42  0  0 
16    25  0  75  0  0    42  33  25  0  0 
20    25  8  67  0  0    58  0  42  0  0 
25    25  0  75  0  0    58  0  42  0  0 
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Table  K.3.3  Location  of  most  discomfort  for  vertical  seat  vibration  with  inclined 
backrest (at 30) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  33  67  0  0    0  33  67  0  0 
3.15    0  17  83  0  0    0  42  58  0  0 
4    0  50  50  0  0    0  50  50  0  0 
5    0  42  58  0  0    8  58  33  0  0 
6.3    8  42  50  0  0    8  50  42  0  0 
8    8  33  58  0  0    17  42  42  0  0 
10    8  8  83  0  0    8  58  33  0  0 
12.5    8  8  83  0  0    33  17  50  0  0 
16    8  8  83  0  0    25  8  67  0  0 
20    17  8  75  0  0    8  8  83  0  0 
25    25  0  75  0  0    25  17  58  0  0 
 
 
Table  K.3.4  Location  of  most  discomfort  for  vertical  seat  vibration  with  inclined 
backrest (at 60) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  25  75  0  0    0  42  58  0  0 
3.15    0  58  42  0  0    0  33  67  0  0 
4    8  42  50  0  0    0  42  58  0  0 
5    0  50  50  0  0    0  50  50  0  0 
6.3    0  17  83  0  0    0  17  83  0  0 
8    8  17  75  0  0    0  42  58  0  0 
10    0  8  92  0  0    8  25  67  0  0 
12.5    17  33  50  0  0    0  33  67  0  0 
16    0  0  100  0  0    8  17  75  0  0 
20    0  0  100  0  0    0  33  67  0  0 
25    0  8  92  0  0    8  17  75  0  0 
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Table  K.3.5  Location  of  most  discomfort  for  vertical  seat  vibration  with  inclined 
backrest (at 90) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 5     Magnitude 9  
(Hz)    A  B  C  D  E    A  B  C  D  E 
2.5    0  50  50  0  0    0  83  17  0  0 
3.15    0  33  67  0  0    0  67  33  0  0 
4    0  58  42  0  0    0  75  25  0  0 
5    0  33  67  0  0    0  58  42  0  0 
6.3    0  17  83  0  0    0  25  67  8  0 
8    0  8  83  8  0    0  50  50  0  0 
10    0  25  75  0  0    0  42  58  0  0 
12.5    0  33  67  0  0    0  25  75  0  0 
16    8  17  75  0  0    0  8  92  0  0 
20    0  17  83  0  0    17  0  83  0  0 
25    0  8  92  0  0    17  8  75  0  0 
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J.4 Location of discomfort: Experiment 4 (Chapter 7) 
Table  J.4.1  Location  of  most  discomfort  for  whole-body  vertical  vibration  with  no 
backrest shown in percentage of subjects reported the most discomfort in their body. A 
= head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D 
= legs and feet, E = upper and lower arms. 
Freq.    Magnitude 4     Magnitude 7  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    42  25  33  0  0    33  42  25  0  0 
1.25    25  50  25  0  0    42  33  25  0  0 
1.6    25  42  33  0  0    33  33  33  0  0 
2    17  42  42  0  0    17  33  50  0  0 
2.5    8  58  33  0  0    25  33  42  0  0 
3.15    8  58  33  0  0    17  50  33  0  0 
4    17  50  33  0  0    17  58  25  0  0 
5    8  67  25  0  0    17  58  25  0  0 
6.3    8  50  42  0  0    0  67  33  0  0 
8    0  33  58  8  0    0  17  75  8  0 
10    8  17  67  8  0    17  25  42  17  0 
12.5    0  42  50  8  0    17  0  75  8  0 
16    25  8  58  8  0    17  0  67  17  0 
20    17  17  42  25  0    17  8  67  8  0 
Table J.4.2 Location of most discomfort for whole-body vertical vibration with inclined 
backrest (at 0) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 4     Magnitude 7  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    50  17  33  0  0    42  33  25  0  0 
1.25    25  42  25  0  8    67  17  17  0  0 
1.6    17  58  17  8  0    42  33  25  0  0 
2    33  33  33  0  0    17  42  42  0  0 
2.5    25  42  33  0  0    33  33  33  0  0 
3.15    17  25  50  0  8    25  50  25  0  0 
4    8  42  42  0  8    42  42  17  0  0 
5    8  50  42  0  0    50  33  17  0  0 
6.3    17  42  42  0  0    25  67  8  0  0 
8    17  33  42  8  0    25  50  25  0  0 
10    0  17  83  0  0    25  50  25  0  0 
12.5    8  42  50  0  0    42  25  25  8  0 
16    17  25  33  25  0    58  0  17  25  0 
20    33  17  42  8  0    50  8  33  8  0 306 
 
Table J.4.3 Location of most discomfort for whole-body vertical vibration with inclined 
backrest (at 30) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 4     Magnitude 7  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    42  33  25  0  0    42  25  33  0  0 
1.25    25  25  50  0  0    42  25  33  0  0 
1.6    8  50  42  0  0    25  42  33  0  0 
2    17  50  33  0  0    17  50  33  0  0 
2.5    25  33  42  0  0    25  33  42  0  0 
3.15    17  42  42  0  0    8  58  33  0  0 
4    17  17  67  0  0    8  75  17  0  0 
5    0  75  25  0  0    17  75  8  0  0 
6.3    8  75  17  0  0    25  50  25  0  0 
8    17  33  50  0  0    17  58  25  0  0 
10    33  33  25  8  0    42  17  42  0  0 
12.5    33  25  42  0  0    58  8  25  8  0 
16    33  25  42  0  0    83  0  17  0  0 
20    83  0  17  0  0    83  8  8  0  0 
 
Table J.4.4 Location of most discomfort for whole-body vertical vibration with inclined 
backrest (at 60) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 4     Magnitude 7  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    25  50  25  0  0    50  42  8  0  0 
1.25    33  33  33  0  0    58  42  0  0  0 
1.6    33  33  33  0  0    42  50  8  0  0 
2    25  50  25  0  0    42  42  17  0  0 
2.5    25  42  33  0  0    8  75  17  0  0 
3.15    17  67  17  0  0    17  50  33  0  0 
4    8  33  58  0  0    17  58  25  0  0 
5    17  58  25  0  0    0  75  25  0  0 
6.3    0  42  50  8  0    8  50  42  0  0 
8    8  42  50  0  0    25  33  33  8  0 
10    42  25  33  0  0    42  25  25  8  0 
12.5    33  17  50  0  0    33  25  42  0  0 
16    42  17  42  0  0    83  0  17  0  0 
20    83  0  8  8  0    92  0  0  8  0 
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Table J.4.5 Location of most discomfort for whole-body vertical vibration with inclined 
backrest (at 90) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 4     Magnitude 7  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    50  33  17  0  0    42  33  25  0  0 
1.25    33  25  42  0  0    58  25  17  0  0 
1.6    42  25  25  8  0    67  25  8  0  0 
2    33  25  42  0  0    33  25  42  0  0 
2.5    25  42  33  0  0    25  33  42  0  0 
3.15    25  33  42  0  0    33  25  42  0  0 
4    0  25  75  0  0    8  33  58  0  0 
5    0  58  42  0  0    0  25  75  0  0 
6.3    0  8  67  25  0    8  33  42  17  0 
8    17  33  50  0  0    25  50  25  0  0 
10    17  25  58  0  0    17  50  25  8  0 
12.5    25  42  33  0  0    75  17  8  0  0 
16    67  8  25  0  0    83  0  8  8  0 
20    92  0  0  8  0    92  8  0  0  0 
   308 
 
J.5 Location of discomfort: Experiment 5 (Chapter 8) 
Table  J.5.1 Location of most discomfort for whole-body vertical vibration with Seat 
C01 shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 2     Magnitude 4  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    58  8  33  0  0    58  25  17  0  0 
1.25    33  33  33  0  0    33  67  0  0  0 
1.6    25  42  33  0  0    25  50  25  0  0 
2    17  50  33  0  0    33  42  25  0  0 
2.5    17  50  33  0  0    33  67  0  0  0 
3.15    17  67  17  0  0    17  50  17  0  17 
4    8  58  33  0  0    25  42  25  0  8 
5    8  33  50  8  0    42  50  8  0  0 
6.3    8  17  67  8  0    25  33  33  8  0 
8    8  8  67  8  8    17  8  50  25  0 
10    0  17  58  25  0    0  17  50  33  0 
12.5    0  0  67  25  8    0  8  58  33  0 
16    0  17  50  25  8    0  17  50  25  8 
20    0  0  67  25  8    8  17  67  8  0 
Table  J.5.2 Location of most discomfort for whole-body vertical vibration with Seat 
C02 shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 2     Magnitude 4  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    33  17  50  0  0    50  33  17  0  0 
1.25    33  8  58  0  0    50  42  8  0  0 
1.6    33  25  33  8  0    17  75  8  0  0 
2    17  42  42  0  0    8  67  25  0  0 
2.5    8  67  25  0  0    42  58  0  0  0 
3.15    0  58  42  0  0    17  75  8  0  0 
4    17  67  17  0  0    25  42  25  0  8 
5    8  58  25  0  8    17  83  0  0  0 
6.3    17  58  8  0  17    17  58  25  0  0 
8    8  17  67  8  0    0  0  75  25  0 
10    0  0  75  25  0    0  8  25  67  0 
12.5    0  0  58  42  0    0  8  17  75  0 
16    0  0  50  50  0    0  8  8  83  0 
20    0  0  50  42  8    0  17  25  58  0 309 
 
Table  J.5.3 Location of most discomfort for whole-body vertical vibration with Seat 
C03 shown in percentage of subjects reported the most discomfort in their body. A = 
head and neck, B = shoulders, upper back and lower back, C = pelvis and thighs, D = 
legs and feet, E = upper and lower arms. 
Freq.    Magnitude 2     Magnitude 4  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    42  17  42  0  0    58  42  0  0  0 
1.25    42  25  33  0  0    67  17  17  0  0 
1.6    33  33  33  0  0    42  33  25  0  0 
2    25  42  33  0  0    8  75  17  0  0 
2.5    25  42  33  0  0    25  58  17  0  0 
3.15    0  67  33  0  0    25  50  25  0  0 
4    8  58  17  0  17    17  75  8  0  0 
5    17  50  17  8  8    8  58  17  8  8 
6.3    8  25  42  8  17    17  42  25  17  0 
8    8  0  75  8  8    0  33  50  17  0 
10    0  17  75  8  0    0  0  75  25  0 
12.5    8  0  58  33  0    0  0  67  33  0 
16    0  8  83  8  0    0  0  83  17  0 
20    0  0  75  25  0    0  0  83  17  0 
 
Table  J.5.4 Location of most discomfort for whole-body vertical vibration with Seat 
C04 (rigid seat) shown in percentage of subjects reported the most discomfort in their 
body. A = head and neck, B = shoulders, upper back and lower back, C = pelvis and 
thighs, D = legs and feet, E = upper and lower arms. 
Freq.    Magnitude 2     Magnitude 4  
(Hz)    A  B  C  D  E    A  B  C  D  E 
1    25  25  50  0  0    58  8  33  0  0 
1.25    50  8  42  0  0    50  33  17  0  0 
1.6    50  17  33  0  0    42  33  25  0  0 
2    42  25  33  0  0    17  50  25  0  8 
2.5    42  8  50  0  0    25  50  25  0  0 
3.15    33  17  42  0  8    25  50  25  0  0 
4    8  42  50  0  0    17  75  8  0  0 
5    0  33  50  8  8    25  75  0  0  0 
6.3    8  50  25  0  17    25  67  8  0  0 
8    8  58  33  0  0    17  58  17  0  8 
10    0  25  67  0  8    33  25  33  0  8 
12.5    8  33  42  17  0    50  17  33  0  0 
16    8  0  75  17  0    50  8  42  0  0 
20    33  8  58  0  0    50  8  42  0  0 
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